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FEASIBILITY OF USING NANOFILTRATION AS A POLISHING PROCESS       
FOR REMOVAL OF CYANOBACTERIAL EXUDATES FROM TREATED       
SURFACE WATER 
ANAND J. MODY 
ABSTRACT 
Nanofiltration (NF) membrane technology is effective for removal of natural 
organic matter (NOM) and Disinfection By-Product (DBP) precursors from treated 
surface water (Allgeier et al., 1995, Chellam et al., 2000, Smith et al., 2002).  However, 
there is a need to control other micropollutants, such as compounds released from algal 
blooms.  In this research, the feasibility of using NF for removal of cyanobacterial 
exudates was evaluated as a polishing process for conventionally treated surface water.     
 Screening tests were conducted to compare the performance of four NF 
membranes, Filmtec’s NF90 and NF270, and Hydranautics’s LFC1 and NTR7450, for 
removal of NOM and cyanobacterial exudates.  The source water for the experiments was 
derived from Lake Manatee (FL) following full scale treatment by enhanced coagulation 
and dual media filtration.  Water samples were amended with low levels of three 
cyanobacterial exudates: microcystin-LR, geosmin and 2-Methylisoborneol (MIB).   
The rapid bench scale membrane test (RBSMT) protocol was used to test NF at 
four recoveries of 50%, 70%, 85% and 95%.  Bulk organics (TOC and UV254) and 
inorganics (conductivity, total and calcium hardness) were monitored along with other 
operating parameters during the setting and recovery tests.  Spike tests were performed 
 xiii
by spiking microcystin-LR (9.5 to 12.0 µg/L), geosmin (45 to 220 ng/L) and MIB (45 to 
225 ng/L). 
Three NF membranes (NF90, NF270 and LFC1) were effective for over 90% 
rejection of TOC and associated disinfection by-product formation potential (DBPFP).  
Due to NF treatment, the bromide:TOC ratio increased resulting in a shift towards higher 
levels of brominated DBPFPs.   
Similarly, these three NF membranes (NF90, NF270 and LFC1) were effective 
for removal of microcystin-LR to below the World Health Organization (WHO) 
guideline of 1 µg/L.  Only two of the NF membranes tested (NF90 and LFC1), were 
capable of removing geosmin and MIB to levels below the taste and odor threshold.  
These membranes removed greater than 92% of the geosmin and MIB.  Based on these 
bench scale tests, further testing of NF on a pilot scale is warranted.
 1
  
 
 
 
 
INTRODUCTION 
 
Disinfection of drinking water using chlorine can result in the formation of 
disinfection by-products (DBPs) such as trihalomethanes (THMs) and haloacetic acid 
(HAAs).  The Environmental Protection Agency (EPA), through the Stage I Disinfectants 
/ Disinfection By-Products (D/DBPs) Rule, has established maximum contaminant levels 
(MCLs) for total TTHMs (chloroform, dichlorobromoform, dibromochloroform and 
bromoform) of 80 micrograms per liter (µg/L) and 60 µg/L for five HAAs 
(monochloroacetic acid, dichloroacetic acid, trichloroacetic acid, monobromoacetic acid, 
and dibromoacetic acid) as these have been associated with health effects including 
increased incidence of rectal and bladder cancer (Morris, R.D., et al. 1992) and 
miscarriages (Waller, K., et al. 1998).  To meet these MCLs, utilities must either provide 
improved removal of DBP precursors or reduce reliance on chlorine by using alternative 
disinfectants such as ozone, chlorine dioxide or chloramines.          
For surface water sources, other contaminants of concern include exudates from 
algae and cyanabacteria.  Under certain conditions, cyanobacteria, can release toxic 
and/or nuisance compounds.  The World Health Organization (WHO) issued a drinking 
water guideline of 1 µg/L standard for microcystin-LR, one type of cyanobacterial toxin 
(Chorus and Bartram, 1999).  Cyanobacterial blooms can also result in the release of 
algal exudates such as geosmin and 2-Methylisoborneol (MIB) which can impart 
unpleasant taste and odor compounds in potable water.  Although these contaminants are 
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not regulated by the EPA, they have been placed on the Contaminant Candidate List 
(CCL) by the EPA (EPA Draft CCL List, Volume 69, Number 64, April 2004).  
Membrane technologies such as ultrafiltration (UF), nanofiltration (NF) and 
reverse osmosis (RO) have the potential to reduce the levels of DBP precursors (Fu et al. 
1994).  NF has been shown to remove up to 90% of the DBP precursors, from 
conventionally treated surface water (Allgeier and Summers, 1995) and 50-90% of algal 
exudates from surface water (Munitsov and Trimboli, 1996).   
Purpose 
 The purpose of this research was to evaluate the potential of NF to remove DBP 
precursors, toxins released by cyanobacteria, and taste and odor compounds from 
conventionally treated surface water.   
Research Objectives 
The objectives of this research were: 
1. Quantify the effectiveness of NF to remove DBP precursors from conventionally 
treated surface water. 
2. Quantify the effectiveness of NF to remove microcystin-LR, geosmin and MIB.  
3. Compare the performance of selected commercially available NF membranes for 
removal of DBP precursors, microcystin-LR, geosmin and MIB.  
Significance 
 Surface water impoundments are vulnerable to seasonal algal blooms, particularly 
in tropical climates such as in Florida.  Treatment alternatives are needed to provide 
reliable control of the nuisance and toxic compounds that may be released from algal 
blooms. 
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Due to variations in membrane characteristics, the performance of NF membranes 
for control of DBP precursors, cyanobacterial toxins, and taste and odor compounds 
cannot be predicted from manufacturer’s information alone.  The use of bench scale tests 
can provide an approach to screen and compare membranes prior to pilot testing.  The use 
of NF as a polishing treatment for control of DBP precursors, cyanobacterial toxins, and 
taste and odor compounds can provide a means for utilities to improve water quality and 
provide intermittent treatment to address seasonal variations in water quality.  This 
research provides an approach that can be used to screen alternative membranes and to 
guide pilot plant testing.    
 4
 
 
 
BACKGROUND 
 A brief summary of Nanofiltration (NF) membrane technology is presented in this 
chapter.  Information on natural organic matter (NOM), disinfection by-products (DBPs), 
and algal exudates is also presented.  Finally, the rapid bench scale membrane test is 
briefly described.  
Nanofiltration Membranes 
NF is a pressure driven membrane process that has the potential of rejecting 
solutes and particles down to 1 nanometer in size (Letterman, 1999).  These membranes 
are classified by molecular weight cut off (MWCO) and solute rejection capability. 
MWCOs for NF membranes range from 200 Daltons (Da) to 1000 Da, where Dalton is a 
unit of mass for expressing masses of atoms, molecules, or nuclear particles equal to 1/12 
the mass of a single atom of the most abundant carbon isotope 12C (Webster online, 
2004).  NF membranes separate water constituents by a combination of molecular size 
sieving and diffusion.         
Nanofiltration Treatment of Natural Organic Matter and DBP Precursors 
 NOM in surface water consists of a complex mixture of humic and non humic 
substances (Roalson et al., 2003) that can be quantified using total or dissolved organic 
carbon (TOC or DOC) and UV254.  Organic DBPs are formed when chemical 
disinfectants react with NOM.  The type and concentration of DBPs are influenced by 
treatment conditions and water quality variables such as TOC, bromide, pH, temperature, 
ammonia, and carbonate alkalinity (Garvey et al., 2003).   
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The effectiveness of NF membrane technology for removal of the fraction of 
NOM that acts as a DBP precursor is well documented (Tan et al., 1991, Allgeier et al., 
1995, Chellam et al., 2000, Smith et al., 2002).  TOC removal is controlled by a 
combination of size exclusion, electrostatic repulsion, and hydrophobic interactions 
between the solutes and the membrane surface and pores (Cho et al. 1999).  A brief 
summary of research relating to NF removal of NOM and DBP precursors is presented in 
Table 1.   
Taylor and Chellam (2000) tested several water sources in Florida, Virginia, and 
Texas with TOC levels ranging from 3.3-13.1.  The rejection of TOC and THMFP ranged 
from 71% (Hydranautics, NTR7450) to 94% (Koch, TFC-SR) depending on the water 
source and membrane.  The City of Fort Meyers, Florida operated a NF plant to remove 
THMFPs and color from well water containing about 10-20 mg/L of TOC.  Hydranautics 
NCM-1 and PVD-1 membranes were able to reduce the THMFPs from 537 µg/L to 15 
µg/L (Taylor and Jacobs, 1996).  Taylor et al. (1987) demonstrated that THM precursors 
could be removed from surface waters using a Filmtec NF membrane (N50) with a 
MWCO of 400, a recovery of 65%, and a pressure of 60 psi.  Rejection in the range of 
97% to 98% for THMFP was observed during these tests.  
Visvanathan et al. (1998) tested rejection of THM precursors from surface water 
using negatively charged Filmtec’s NF45 and DK membranes.  Tests were conducted 
using a small scale flat sheet in a test unit.  Compaction of the membrane resulted in a 
reduced pore size and an increased charge density, increasing THMFP rejection and 
electrostatic repulsion (Visvanathan et al. 1998).   
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Table 1 
Summary of NOM Rejection Using Nanofiltration Membranes 
 
TOC THMFP 
Feed  Permeate Percent  Feed Permeate Percent  Reference 
Membrane 
Manufacturer 
Membrane 
Trade Name 
Water Source Pretreament 
mg/L mg/L Removal µg/L µg/L Removal 
DS-5-DK 4.7 0.4-0.9 81-91 325 39 88 Osmonics 
DS-5-DL 4.7 0.2-0.3 95-96 325 17 95 
NF90 4.0 0.1-0.3 95-98 154 17 89 
NF200 4.0 0.1-0.3 95-98 154 15 90 Filmtec 
NF270 3.8 0.1-0.3 94-96 154 17 88 
Hydranautics ESNA 3.8 0.4-0.9 77-90 154 56 64 
Koch TFC-S 3.7 0.2-0.5 86-94 154 33 79 
XN40 3.7 0.7-0.9 76-82 154 88 43 
Falls, 2002 
Trisep 
TS80 
Lake Manatee, FL 
Conventionally 
treated surface 
water with 
enhanced 
coagulation 
3.4 0.1-0.2 95-96 154 7 95 
NF200B   66.5   15 Filmtec 
NF200   27   30 
Hydranautics LFC1   93   72 
Veerapaneni et al., 2001 
Koch TFC-S 
Ohio River, KY 
Conventionally 
treated surface 
water 
  58   7 
NF45 Biscayne Aquifer, FL 12.1 1.1 93 342 38 89 Filmtec 
NF200B Lake Meade, VA 3.3 0.3 91 75 10 87 
Hydranautics NTR7450 Caloosahatchee River, FL 7.1 2.1 71 252 80 68 
Taylor et al.., 2000 
Koch TFC-S Rio Grande River, TX 
Conventionally 
treated surface 
water and 
cartridge filter 
2.9 0.18 94 214 18 93 
Hydranautics LFC1 2-16 <0.5  46-1062 3.3-6  
Reiss et al., 1999 
Koch CALP 
Hillisborough River, FL Microfiltration 
3-15 0.5-0.8  124-1037 34-60  
NF50 Village of Golf, FL    93   98 
Taylor et al.., 1987 Filmtec 
NF50 Acme District, FL    90   97 
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Nanofiltration Treatment of Cyanobacterial Toxins and Taste & Odor Compounds 
Blue-green algae, otherwise known as cyanobacteria, can produce hepatotoxic 
cyclic peptides of the microcystin and nodularin family and neurotoxic alkaloids of the 
anatoxin family (Chorus and Bartram, 1999).  Microcystins and nodularins are liver 
toxins while anatoxins affect the nerve synapse usually leading to respiratory arrest 
(Westrick, 2003).   
One of the cyclic peptides is Microcystin-LR (MCYST-LR).  MCYST-LR is the 
most commonly monitored microcystin.  It has a molecular weight (MW) of 980, is 
soluble in water, has a high toxicity, and is suspected of causing liver toxicity (Chorus 
and Bartram, 1999).  Microcystins can be oxidized using ozone, UV light, or other strong 
oxidants (Chorus and Bartram, 1999) and could be inactivated at pH below 8 and 
chlorine residual of above 0.5mg/L (Drikas et al, 2001). 
Taste and odor compounds produced by cyanobacterial blooms include geosmin 
(MW of 182) and MIB (MW of 168).  These two compounds have a stable ring formation 
that is resistant to oxidation.  Limited studies have been conducted to assess the removal 
of cyanobacterial exudates using NF.   
In one study, NF effectively removed microcystin (>90% rejection) from surface 
water pretreated by microfiltration (Munitsov and Trimboli, 1996) along with 60% 
rejection of geosmin and 45% rejection of MIB.  This pretreated water was spiked with 
MCYST-LR (8.4 µg/L), geosmin (52 ng/L) and MIB (38 ng/L) and was treated using a 
Hydranautics PVD1 NF membrane. 
 8
 
Figure 1. Chemical Structure of Microcystin-LR (James and James, 1981) 
   
 
 
 
 
 
              
           
        (a)     (b)   
Figure 2.  Chemical Structure of (a) Geosmin and (b) MIB (Montgomery, 1985) 
In another study, Taylor et al. (1999) were able to remove 98% of both geosmin 
and MIB using an NF membrane (LFC 1) with a 200 MWCO.  Falls et al. (2002), 
assessed the capability of NF membranes for removal of microcystin-LR, geosmin and 
CH3 
CH3OH 
H3C
H3C H3C
CH3 
OH 
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MIB.  Excellent removal (>95%) of microcystin-LR was observed, however, rejection of 
microcystin-LR did not always correlate to the rejection of geosmin and MIB. 
Rapid Bench Scale Membrane Test (RBSMT) to Evaluate NF Membranes 
  Allgeier and Summers developed the rapid bench scale membrane test (RBSMT) 
to simulate the performance of full-scale spiral wound NF elements using a tangential 
flow flat sheet membrane cell with retentate recycle. The flat membrane sheet is a 
differential element of a full-scale spiral wound NF element (Allgeier et al., 1995).   
 The membrane cell requires a 24 square inch membrane sheet that is operated with 
feed spacer and permeate carrier used in full scale elements (or replicates) to make the 
test hydraulically similar to full-scale operation. The recycle loop allows for 
representative recoveries and cross-flow velocities of a full-scale system.  The RBSMT 
can be used to compare NF membrane performance and flux requirements.  The results of 
the RBSMT can be used as a screening tool for selection of membranes to be used in 
pilot plant studies.  However, the results from RBSMTs cannot be used to predict 
performance due to seasonal variations in feedwater, biofouling, long-term cleaning 
requirements, and stressed or upset processes (Allgeier and Summers, 1995).     
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METHODOLOGY 
 This research project was developed to compare the effectiveness of 
commercially available NF membranes using the Rapid Bench Scale Membrane Test 
(RBSMT) at various recoveries and fluxes for removal of total organic carbon (TOC), 
microcystin-LR, geosmin, and MIB from conventionally treated surface water.  The 
experimental design, membrane experiments, specific NF membranes tested, RBSMT 
experimental setup and procedure, source water used and its characteristics, and finally 
the analytical methods are described in this chapter.   
Experimental Design 
An overview of the experiment design including the objectives of this research, 
the approach implemented, analysis, and key measurements are presented in Table 2.     
Table 2 
Experimental Design 
 
Objective Approach Analysis 
Quantify removal of 
NOM & DBP precursor 
Test 4 membranes using 
RBSMT at 50%, 70%, 
85% and 95% permeate 
recoveries 
Compare permeate 
concentrations of THMFP and 
HAAFP to EPA Stage 1 MCLs 
and evaluate removal efficiencies 
of TOC and UV254 
Quantify removal of 
Algal Exudates  
Spike test with 
microcystin-LR, geosmin 
and MIB and test  4 
membranes at 50%, 70%, 
85% and 95% permeate 
recoveries 
Compare permeate 
concentrations of microcystin-
LR, geosmin and MIB to WHO 
guideline and odor threshold 
values  
Compare removal 
performance of the 
selected membranes  
Compare results from the 
six membrane experiments. 
 
Compare removal efficiencies of 
TOC, UV254, THMFP, HAAFP, 
hardness, microcystin-LR, 
geosmin and MIB. 
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Membrane Experiments 
  Four NF membranes were evaluated in this research, each at four different 
recoveries.  Three membranes (NF90, NF270 and NTR7450) were tested at 19 gallons 
per square feet per day (gfd), NF270 was also tested at 12 and 32 gfd flux rates.  LFC1 
membrane was tested at a flux rate of 10 gfd.  Six RBSMT experiments were conducted 
as listed in Table 3.  Each experiment consisted of three steps: a setting procedure, a 
recovery test for quantifying the rejection of NOM, and a spike test for quantifying the 
rejection of cyanobacterial toxin and exudates. 
Table 3 
List of RBSMT Experiments 
 
Experiment Membrane Manufacturer Membrane Trade Name Flux Rate (gfd) 
1 Filmtec NF90 19 
2 Filmtec NF270 32 
3 Filmtec NF270 19 
4 Filmtec NF270 12 
5 Hydranautics LFC1 10 
6 Hydranautics NTR7450 19 
 
 Nanofiltration Membranes 
The NF membranes used in this study are listed in Table 4 along with the details 
on manufacturers, trade names, membrane material, nominal MWCO, and operating 
characteristics.  These membranes were obtained from the manufacturers as flat sheets 
and then cut to 24 square inches (sq.in.) (6 inches x 4 inches), needed for bench scale 
testing.  Additional data on the feed spacer and permeate carrier material, clean water 
mass transfer coefficient (MTC), and cross flow velocity were obtained from the 
manufacturers.  For consistency, an Osmonics 34 mil (mil=1/1000 inch) feed spacer was 
used for all the membranes tested in this study. 
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The NF90 and NF270 from Dow-Filmtec and LFC1 and NTR7450 from 
Hydranautics were selected based previous testing reported by Falls (2002), Taylor 
(2000), and Reiss (1999).  The Dow-Filmtec NF90 membrane was selected for its 
reported high rejection of TOC (> 85 %) whereas the NF270 membrane was selected due 
to its high flux (~ 20 gfd) and moderate TOC rejection (> 75 %).   
Table 4 
Characteristics of Nanofiltration Membranes Used  
 
Membrane Trade Name NF90 NF270 LFC1 NTR 7450 
Manufacturer Filmtec Filmtec Hydranautics Hydranautics
Material Polyamide Polyamide Composite Polyamide 
Sulphonated 
Polyether 
Sulphone 
Structure Thin Film Composite 
Thin Film 
Composite
Thin Film 
Composite 
Thin Film 
Composite 
Nominal MWCO, 
Daltons 200-300
1 200-3001 200 600-800 
Operating pH Range 2 – 10 2 – 10 3-10 2-12 
Maximum Operating 
Flux (gpd/ft2) 18.0 35.5 27.0 22.5 
Solute Rejection (%)     
CaCl2 85-952 40-602 >99.2 >50 
MgSO4 >973 >973 >99.2 >50 
Chlorine Tolerance <0.1ppm <0.1ppm <0.1ppm <10 ppm 
  1  Dow Filmtec: “NF has (MWCO of) 200 to 300 Da” 
  2  500 ppm CaCl2, 70 psi, 15% recovery 
  3  2000 ppm MgSO4, 70 psi, 15% recovery 
 
The Hydranautics LFC1 membrane was selected for its reported high TOC 
rejection (>95%) and 200 MWCO for the removal of algal exudates.  The NTR 7450 
membrane was selected because of its surface charge.  It is a sulphonated polyether 
sulphone membrane with a nominal MWCO of 600-800 Daltons (Da) that is capable of 
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increased rejection of negatively charged molecules (Spangenberg et al., 2002).  The 
NTR7450 membrane also has a higher chlorine tolerance, up to 10 mg/L which could be 
beneficial for intermittent injections of chlorine to control organic and biological fouling.  
The MWCO’s for the NF membranes tested in this research varied from 200 to 800 Da. 
Rapid Bench Scale Membrane Test 
  The objective of this research was to evaluate the ability of commercially 
available NF membranes to be used as a polishing treatment for removal of TOC and 
algal exudates from conventionally treated surface water using the RBSMT.  This section 
describes the RBSMT design including the experimental setup, operating parameters, 
start-up and shut-down procedures along with the description of the membrane setting, 
recovery and spike tests.   
  Experimental Setup 
  The experimental setup and procedure of the RBSMT were adapted from the ICR 
Manual for Bench-and Pilot-scale Treatment Studies (EPA, 1996). The RBSMT test cell 
was manufactured by Osmonics (Sepa ® CF Membrane Cell) and is shown in Figure 3.  
The cell body and cell holder were 6.50 x 8.38 x 2.04 inches and 7.9 x 11.0 x 7.9 inches 
respectively in size.  The experimental setup consisted of an RBSMT test cell and ¼” OD 
316 stainless steel tubing for connecting the system.   
  Each test membrane was cut to the appropriate 24 sq. in. size using the membrane 
cell as a template to ensure proper fit within the membrane cell.  The 34 mil (mil=1/1000 
inch) feed spacer and permeate carrier supplied by Osmonics were also cut to the 
required size.  The membrane cell was assembled according to manufacturer’s 
instructions.  Inside the cell, a permeate carrier was placed on top of the membrane, a 
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feed spacer below the membrane, and O-rings were used to seal the cell.  The active side 
of the membrane faced the feed spacer.  The permeate carrier and the feed spacer were 
pre-wetted with laboratory Nanopure water and placed in the membrane cell.  The 
permeate carrier, feed spacer, and NF membrane were placed in the cell body and 
compacted using compressed air or nitrogen applied between the two chemically resistant 
stainless steel halves of the cell body to pressurize the pneumatic ram to seal the cell 
body.  The feed, permeate, and concentrate lines were then connected. 
 
Figure 3.  RBSMT Membrane Cell Set-up (Falls, 2002) 
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  The experimental setup of the RBSMT system is shown in Figure 4.  A variable 
speed feed pump (Cole Parmer, Model 75211-10, gear pump drive fitted with a 
micropump, Model 200.150-000, Serial number 374302 gear pump head) was used to 
pump the source water from the 16 gallon feed tank.   
 The feed pump was connected to a tee with one side connected to an adjustable 
pressure relief valve and the other to another tee.  The adjustable pressure relief valve (set 
to operate at 100 psi) was used to control the system pressure and minimize the risk of 
over-pressurizing the RBSMT.  The second tee received flow from the recycle line and 
the influent line to the membrane cell which passed through a BelArt flowmeter (size #5, 
serial number 59778-5).  This flow rate was used to calculate the influent flow rate and 
cross flow velocity of the membrane cell.   
 Pressure and temperature gauges were installed inline to the membrane cell to 
monitor the inlet pressure and temperature.  Temperature readings were used to 
standardize the flux rates to a temperature of 20ºC.  Pressure readings were used to 
calculate water mass transfer coefficients as a means to normalize variations in flux and 
pressure. 
  The influent water was pumped tangentially to the membrane feed spacer and the 
membrane.  Permeate passing through the membrane was collected in the permeate 
carrier where it discharged the RBSMT through the permeate outlet port.  A pressure 
gauge was installed and the permeate flow rate was measured in the permeate line.  The 
membrane reject water discharged the RBSMT through the concentrate line port.  The 
concentrate line was provided with a pressure gauge and a needle valve to control the 
back pressure on the RBSMT which also controlled the system recovery.   
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Feed Tank - Feed water tank (Nanopure water or Treated Lake Manatee water) 
Influent             - Sum of the feed flow and the recycle flow (actual influent to membrane cell) 
Permeate - Fraction of influent flow that passes through the membrane 
Concentrate - Fraction of influent flow that does not pass through the membrane 
Waste  - Fraction of the concentrate flow that is removed from the system 
Recycle - Fraction of the concentrate flow that is recycled to the influent 
P1  - Variable speed feed pump  
P2  - Recycle pump 
PRF  - Pressure Relief Valve (set @ 100 psi) 
FI  - Flowmeter Influent 
PI   - Pressure gauge Influent 
TI  - Temperature gauge Influent 
PS  - System Pressure gauge (pressure applied to cell holder to prevent leaks –  
                             always greater than influent pressure) 
PP - Pressure gauge Permeate 
SP  -   Sampling Port Permeate 
PC  - Pressure gauge Concentrate 
SW  -  Sampling port Waste 
NVC  - Control valve on the concentrate outlet line 
NVR  - Needle valve on the recycle line 
CV  - Check valve (prevent backflow into the recycle line) 
WV  - Waste valve (16 turn metering valve)    
 
Figure 4.  Flow Schematic of Rapid Bench Scale Membrane System (Falls, 2002) 
   
 The concentrate line was routed to a tee with one line connected to the waste line 
and the other line routed back to the RBSMT influent line as a recycle line.  A 16 turn 
P1
P2
Feed 
Tank 
PRV
FI
TI
PS
PcPI
PP
Osmonics Sepa ® Cell 
Recycle (Concentrate) 
Permeate  
Waste  
WV 
NVR 
CV 
Influent  
NVC
SW
Compressed 
Gas 
Tangential-Flow Membrane Cell 
SP
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metering valve (Cole Parmer, part number V07638) was used to control the waste flow 
rate.  The recycle line flowed to a variable speed recycle pump (Cole Parmer, 75211-10, 
Gear Pump Drive fitted with a Micropump, Model 200.150-000, Serial number 377078 
gear pump head).  The recycle pump of the RBSMT system controls the influent flow 
rate.  A one way check valve (Watts Regulator) was provided downstream of the recycle 
pump prior to the line joining the feed line.   
Operating Parameters 
The RBSMT test cell was operated at the permeate flux and pressure specified by 
each membrane manufacturer.  The crossflow velocity was kept constant throughout all 
the membrane experiments.  The important parameters of flow, pressure, and 
concentrations were measured at the locations shown in Figure 5.  Equations used to 
compute fluxes, flow rates, recoveries and rejection are listed in Table 5.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
QF – Feed Flow rate  PF – Feed Pressure  CF – Feed Concentration   
QP – Permeate Flow rate  PP – Permeate Pressure  CP – Permeate Concentration 
QR – Recycle Flow rate  PR – Recycle Pressure  CR – Recycle Concentration  
QI – Influent Flow rate  PI – Influent Pressure  CI – Influent Concentration 
QW – Waste Flow rate  PW – Waste Pressure  CW – Waste Concentration 
 
Figure 5.  Flow Rate, Pressure, and Concentration Measurement Locations 
Feed Tank  
QF, PF & 
CF 
RBSMT  
Experiment Cell 
Influent  
QI, PI & CI 
Recycle 
QR, PR & CR
Feed  
Permeate  
QP, PP & CP 
Waste     
QW, PW & CWRecycle 
Pump 
Feed 
Pump Flowmeter 
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Table 5  
Operating Parameters Equations for RBSMT 
 
Operating Parameter Equation No. 
Water Flux ( )∆Π−= Fww P*MTCF  1 
Permeate Flow cellwp A*FQ =  2 
Waste Flow PFw QQQ −=  3 
Total Volume of Feed 
Water Required 
22.8*A*F*785.3V cellw=  4 
Net Driving Pressure 2/)PP(NDP econcentratinlet +=  5 
Mass Transfer 
Coefficient 
NDP/FMTC ww =  6 
Permeate Recovery %100*Q/QR Fp=  7 
Cross Flow Velocity cellIc W*T*QV =  8 
pH Adjustment pH feed water < [ ]FeedFeed12 ALK*CH*10*4.2log −−  9 
Rejection 100*))C/C(1(R% Fp−=  10 
Where, 
Fw = Water flux (gpd/ft2) 
MTCw = Mass Transfer Coefficient (gpd/ft2-psi) 
Qp = Permeate Flow (mL/min)  
Acell = Surface area of membrane (ft2)=(0.167 ft2) 
Qw = Waste Flow (mL/min) 
QI = Influent Flow (mL/min) 
CHFeed = Calcium Hardness of Feed as CaCO3 (mg/L) 
ALKFeed = Alkalinity of Feed as CaCO3 (mg/L) 
QF = Feed Flow (mL/min) 
V = Volume of Feed Water required (L) 
NDP = Net Driving Pressure (psi) 
Pinlet = Inlet Pressure (psi) 
Pconcentrate = Concentrate Pressure (psi) 
R = Permeate Recovery (%) 
Vc = Cross Flow Velocity (ft/sec) 
T = Feed Spacer Thickness (ft) 
Wcell = Width of Membrane Thickness (ft) 
Cp = Permeate Concentration (mg/L) 
CF = Feed Concentration  (mg/L) 
 
The influent flow rate to the cell (QI) was calculated from the design cross flow 
velocity (vc) as reported by the manufacturer, the thickness of the feed spacer 
(T=0.0025ft, 0.76mm), and the width of the cell (wcell=0.33ft): 
QI = vc x T x wcell             (11) 
At a vc of 0.6 ft/sec, QI is 319.9 g/d or 840.9 mL/min.  The Osmonics membranes 
are designed with a vc ranging from 0.5 to 1 ft/sec.     
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The one pass recovery was estimated using the following equation: 
One Pass Recovery = (QP/QI)*100           (12) 
where, QP is permeate flow rate (mL/min) and QI is influent flow rate (mL/min). 
The volume of test water needed per membrane was estimated through the 
equation: 
V=3.785 x Fw x Acell x [(t1/R1) + (t2/R2) + (t3/R3) + (t4/R4)]          (13) 
where, V is the test water volume requirement (liters) and tn is the number of days which 
the cell is operated at the recovery of Rn.  Using the specified recoveries and time 
estimates from the EPA ICR manual, equation (3) reduces to: 
V=3.785 x Fw x Acell x 8.22            (14) 
where, the area of the test cell is 0.167 ft2 and Fw is water flux given in gfd (EPA, 1996).   
  Test Sequence 
Each RBSMT experiment consisted of setting, recovery and spiked recovery tests.  
A summary of the sequence of steps used in the RBSMT is listed in Table 6.  The setting 
procedure involved running the RBSMT with laboratory Nanopure water, the recovery 
tests used post filtered Lake Manatee water and the spike tests used post filtered Lake 
Manatee water spiked with microcystin-LR, geosmin and MIB.  The same membrane was 
used for all three membrane tests of each RBSMT experiment. 
The setting test was run until a steady state mass transfer coefficient (MTC) was 
achieved, based on a maximum of a 4% change over 12 hours of continuous operation in 
accordance with ICR protocol at 70% recovery.  The recovery test at 70% recovery was 
then initiated and run for at least 78 hours until the permeate UV254 was stable (less than 
3% change over 10 hours).     
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Table 6 
Sequence of Steps Used in RBSMT Experiment 
 
Procedure Recovery Water Operate until 
Setting 70% USF Lab 
Nanopure Water
< 4% change over 12 hours in MTC & 
samples collected 
Recovery 70% Manatee Post 
Filtration Water 
< 3% change over 10 hours (after 78 
hours of operation) in Permeate UV-
254, conductivity & samples collected 
Recovery 70% Manatee Post 
Filtration Water 
<2% change over 1 hour in Permeate 
UV-254, conductivity & 1 – 1.5 liter 
samples of permeate collected 
Recovery 50% Manatee Post 
Filtration Water 
<2% change over 1 hour in Permeate 
UV- 254, conductivity & 1 – 1.5 liter 
samples of permeate collected 
Recovery 85% Manatee Post 
Filtration Water 
<2% change over 1 hour in Permeate 
UV-254, conductivity & 1 – 1.5 liter 
samples of permeate collected 
Recovery 95% Manatee Post 
Filtration Water 
<2% change over 1 hour in Permeate 
UV-254, conductivity & 1 – 1.5 liter 
samples of permeate collected 
Spiked 70% Spiked Manatee 
Post Filtration 
Water 
<2% change over 1 hour in Permeate 
UV-254 conductivity & 2 - 1 liter 
samples of permeate collected 
Spiked 50% Spiked Manatee 
Post Filtration 
Water 
<2% change over 1 hour in Permeate 
UV-254 conductivity & 2 - 1 liter 
samples of permeate collected 
Spiked 85% Spiked Manatee 
Post Filtration 
Water 
<2% change over 1 hour in Permeate 
UV-254 conductivity & 2 - 1 liter 
samples of permeate collected 
Spiked 95% Spiked Manatee 
Post Filtration 
Water 
<2% change over 1 hour in Permeate 
UV-254 conductivity & 2 - 1 liter 
samples of permeate collected 
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The recovery and spike tests were each run at a sequence of four recoveries of 
50%, 70%, 85% and 95%.  The predetermined flux rate and cross flow velocity were kept 
constant over the four recovery tests to isolate the effects of recovery on permeate 
quality.  Sampling was done only when change in permeate UV254 was less than 2% over 
1 hour.  One membrane, NF270, was tested at three different fluxes of 12, 19, and 32 gfd 
to quantify the effects of flux on permeate water quality.  NF90 and NTR7450 membrane 
were tested at 19 gfd whereas LFC1 membrane was tested at 10 gfd. 
Immediately upon completion of recovery tests, the spike tests were started and 
operated at the same four recoveries of 50%, 70%, 85% and 95%.  Spike tests were 
performed last in the sequence due to the interference of methanol which was used to 
extract and spike microcystin-LR, geosmin and MIB.  The spike tests were performed by 
spiking microcystin-LR (9.2 to 12.1 ug/L), geosmin (45 to 220 ng/L) and MIB (45 to 225 
ng/L).  Methanol increased the organic carbon content of feed water and consequently 
increased feed water TOC.  Six membrane experiments, each run at four recovery tests 
produced 24 discrete operational endpoints for which water quality were analyzed.  The 
results of the membrane experiments were then compared to evaluate membrane 
performance. 
System Start Up 
The RBSMT test cell start up procedure was adapted from the EPA ICR manual 
(EPA, 1996).  Initially, the test apparatus was assembled keeping the pressure relief and 
recovery valves open to minimize system pressure upon start-up.  The system was 
checked for leaks.  Then, the feed line was placed into the feed tank and the feed pump 
turned on. 
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The pump feed rate was set for constant flux operation, and the pressure relief 
valve was opened at a pressure below the maximum operating pressure for the system.  
The recycle pump was turned on and the recovery valve adjusted until the waste flow rate 
matched the desired setting.  The flow rate was adjusted by varying the speed of the 
recycle pump and adjusting the needle valve to desired influent flow rate.  It must be 
noted that the recycle flow rate was much greater than the feed flow rate.   
Membrane Setting 
 
The membrane setting test was operated at 70% recovery.  This test was 
performed using lab Nanopure water as the feed water.  The RBSMT was operated with a 
new membrane and laboratory Nanopure water until the change in the mass transfer 
coefficient (MTC) over a 12-hour period was less than 4%.  The pressure and flow 
readings were monitored during each test.  The MTC was taken as: 
MTC = [((Pinlet/Pconcentrate)/2) – (Ppermeate – ∆π)]       (15) 
where ∆π is the osmotic pressure gradient, assumed to be 0 psi for lab nanopure water 
with a total dissolved solids (TDS) of 0 mg/L. 
The permeate flux was calculated using permeate flow (Qp), membrane area (A) 
of 0.167 and the following equation (9): 
Fw(gfd)=(Qp mL/min)*(1440min/day)*(1L/1000mL)*(1gal/3.785L)*(1/0.167ft2) 
Recovery Test 
The recovery tests were initialized at 70% recovery.  The recycle valve, waste 
valve and the pump speed were adjusted, if required, to maintain the constant flux and 
required recovery.  The permeate samples were analyzed for pH, alkalinity, conductivity, 
turbidity, temperature, calcium hardness, total hardness, TOC, UV254, THMFP and 
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HAAFP.  Similarly, the concentrate sample was analyzed for UV254, conductivity, pH, 
calcium hardness and alkalinity.  The number of samples taken and analyzed during the 
recovery tests for a single membrane is summarized in Table 7. 
Table 7 
Water Quality Samples - Single Membrane Recovery Test 
 
Analysis Parameter 
Location Recovery 
% UV-
254 Conductivity TOC THMFP HAAFP 
Ca & 
Total 
Hardness 
Alkalinity
Feedwater  2 2 2 3 3 2 2 
Permeate 70 2 2 2 3 3 2 2 
Retentate 70 2 2 2 - - 2 2 
Permeate 50 2 2 2 3 3 2 2 
Retentate 50 2 2 2 - - 2 2 
Permeate 85 2 2 2 3 3 2 2 
Retentate 85 2 2 2 - - 2 2 
Permeate 95 2 2 2 3 3 2 2 
Retentate 95 2 2 2 - - 2 2 
Feedwater  2 2 2 3 3 2 2 
 
After collection of samples at 70% recovery, the membrane system was operated 
at the next set of operating parameters for recovery and flux and all steps were repeated 
for each test.  The remaining three recovery tests then were evaluated over a 24 to 48 
hour period.  The permeate UV254 was monitored at 20 minute intervals over the first 2 
hours to verify stable permeate quality (less than a 2% change over 1 hour) before 
collecting one gallon of permeate and one liter grab concentrate samples.  Typically, the 
system stabilized within two hours.   
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Spike Test 
Upon completion of the recovery tests, spike tests were conducted by spiking 
Lake Manatee post filtration water with microcystin-LR (8 to 12 µg/L), geosmin (45 to 
220 ng/L), and MIB (45 to 225 ng/L).  Microcystin-LR was spiked at 10 µg/L 
concentration into the Lake Manatee post filtration water.  The microcystin-LR was 
purchased from Alexis Corporation (Catalog number 350-12-C500 and Biomol, Catalog 
number EI-193) as a white powder residue on the side of a 2mL glass amber vial and was 
extracted using methanol.   
Geosmin and MIB were also added at 50 ng/L from a stock solution containing 
100 µg/mL of each compound in methanol (Supelco, Catalog number 4-7525-U LA-
86204).  The number of samples taken for the cyanobacterial toxin, geosmin and MIB, 
for the spike tests is summarized in Table 8. 
Spiked feed water samples were collected and analyzed for initial concentrations 
of microcystin-LR, geosmin and MIB.  The system was allowed to stabilize by operating 
for at least 1 hour before taking permeate and grab samples.  Two 1-liter samples of 
permeate and one 1-liter grab sample of concentrate were collected and analyzed for 
geosmin and MIB.   
Similarly, two 1-liter samples of spiked feed water were also collected after the 
end of spike tests at all recoveries and analyzed for geosmin and MIB.  Triplicate 25 mL 
samples of initial feed water, permeate, concentrate and final feed water were collected 
and analyzed for microcystin-LR. 
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Table 8 
Number of Samples - Single Membrane Spike Test 
 
Analysis Parameter 
Location Recovery % Microcystin-LR Geosmin MIB 
Feedwater  3 2 2 
Permeate 70 3 2 2 
Retentate 70 3 2 2 
Permeate 50 3 2 2 
Retentate 50 3 2 2 
Permeate 85 3 2 2 
Retentate 85 3 2 2 
Permeate 95 3 2 2 
Retentate 95 3 2 2 
Feedwater  3 2 2 
Note: For the spiked test, microcystin-LR, geosmin and MIB samples analyses were performed by the 
Manatee County MCWTP.  Microcystin-LR analyses were performed at USF, Environmental Engineering 
Lab. 
 
System Shut-Down 
The membrane system was shut down by opening the recovery valve.  The 
pressure relief valve was then slowly opened to relieve the system pressure and the 
recycle pump was turned off.  The feed pump was turned off after turning off the recycle 
pump.  The system pressure was allowed to reach zero and then the concentrate, permeate 
and influent lines were disconnected from the RBSMT cell.  The pressure in the 
pneumatic cell holder was slowly released and the cell was removed.   
System Monitoring 
 Operating parameters that were monitored to assess the membrane performance 
included permeate, waste and feed flow rates, feed, concentrate and permeate pressures, 
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and influent temperature.  These parameters were monitored approximately six times a 
day at four hour intervals.   
 The membrane feed, permeate, and concentrate were sampled for conductivity, 
pH, and UV254 approximately four times a day.  The conductivity and UV254 
measurement were used to monitor the variability of permeate quality.  The frequency 
and sample location for each monitoring parameter are given in Table 9.   
Table 9  
Monitoring Frequency During Setting and Recovery Test 
 
Test Operating 
Parameter 
Feed Influent Permeate Waste 
Flow 6 per day 6 per day 6 per day 6 per day
Temperature - 6 per day - - 
Se
tti
ng
 
Pressure 6 per day 6 per day 6 per day 6 per day
Flow 6 per day 6 per day 6 per day 6 per day
Pressure 6 per day 6 per day 6 per day 6 per day
pH 6 per day - 6 per day 6 per day
UV254 Absorbance 6 per day - 6 per day 6 per dayR
ec
ov
er
y 
Conductivity 6 per day - 6 per day 6 per day
  
Sample Collection 
 The sampling locations, frequency, and analytes measured are given in Table 10 
for each test and process stream.  The membrane feed was sampled twice, once 
immediately before the test and once at the end of the test, for the following: alkalinity, 
conductivity, total and calcium hardness, pH, TOC, UV254, THMFP, HAAFP, 
microcystin-LR, geosmin, and MIB.   
One gallon of permeate was collected from each test at each recovery for the 
following analyses:  pH, alkalinity, conductivity total and calcium hardness, TOC, UV254, 
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THMFP, HAAFP, chlorine demand, microcystin-LR, geosmin, and MIB.  One gallon of 
concentrate was collected for each test and analyzed for TOC, UV254, conductivity, pH, 
alkalinity, total and calcium hardness, microcystin-LR, geosmin, and MIB.  Sample 
holding times, preservation, and sampling techniques were adapted from the “ICR 
Sampling Manual” (EPA 814-B-96-001). 
Table 10 
Sample Collection Matrix 
 
Location Frequency Analyte 
Setting Test – New Membrane 
Permeate Once every 4 hours until 
stable (12-hour period 
with less than 4% change) 
UV254 and conductivity 
Recovery and Spike Tests 
Permeate Every  four hours  until 
stable 
UV254, conductivity, pH, 
temperature, hardness and 
alkalinity 
Concentrate Once a day until stable  UV254, conductivity, pH, 
temperature, hardness and 
alkalinity 
Permeate Once permeate is stable / 
two  samples of one liter 
pH, alkalinity, turbidity, 
temperature, TDS, calcium 
hardness, total hardness, TOC, 
UV254, THMFP, HAAFP, 
MYCST-LR, MIB and geosmin 
Concentrate Once permeate is stable / 
two samples of one liter 
TOC, UV254, turbidity, pH, 
alkalinity, TDS and calcium 
hardness, MYCST-LR, MIB 
and geosmin 
 
Permeate and concentrate samples from spiked tests (i.e. containing microcystin-
LR) were collected in 40 mL glass vials and stored at 4ºC and analyzed either at 
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University of South Florida – Environmental Engineering Research lab (EERL) or at 
MCWTP using Enzyme Linked Immunosorbent Assay (ELISA) tube or plate kit, 
respectively.  For spiked tests, the permeate samples were collected in a one liter glass 
bottle with 1mL of 40gm/L of mercuric chloride as a preservative.  These samples were 
collected in duplicate.  Concentrate samples were collected in either 250 or 500 mL 
sample bottles with the same preservative. 
Source Water 
The source water used for this project was obtained from the surface water 
treatment train at the Manatee County Water Treatment Plant (MCWTP) located in 
Manatee County, Florida.   The surface water derived from Lake Manatee, is treated 
using enhanced coagulation with alum and polyelectrolytes, flocculation, sedimentation, 
lime and chlorine addition and granular media filtration for removal of turbidity and 
organics as shown in Figure 6.     
 
Figure 6.  Surface Water Treatment Process Train  - Manatee County  
Water Treatment Plant 
Pre-mix Coagulation Flocculation Sedimentation Post Mix Filtration
Carbon Polymer
 To Blend  
 Chamber
  Test Water   
  Sample Site 
Alum & 
Lime 
Chlorine 
& Lime 
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Several batch samples of water were collected between December 2002 and April 
2003 from MCWTP and transported to the Environmental Engineering Laboratory at 
University of South Florida for RBSMT analysis.  The characteristics of untreated and 
treated water (enhanced coagulation, flocculation, and filtration) from Lake Manatee are 
summarized in Table 11.  The addition of lime in the treatment process results in 
increases in the total and calcium hardness in the post filtration water.  TOC reductions of 
up to 75% are seen through the conventional surface water treatment.   
Table 11  
Lake Manatee and Post Filtration Water Characteristics 
 
Parameters Lake Manatee Water Post Filtration Water 
Alkalinity, mg/L as CaCO3 25 – 40 3 – 23 
Color, as Pt Co 170 – 210 6 – 12 
pH 6.9 – 7.5 6.2 – 7.0 
Total Organic Carbon, mg/L 12 – 30 3.5 – 4.6 
Ultraviolet Absorbance @ 254 nm, cm-1 0.620 – 0.750 0.064 – 0.120 
Total Hardness, mg/L as CaCO3 50 – 70 85 – 120 
Calcium Hardness, mg/L as CaCO3 35 – 55 60 – 85 
Conductivity, µS/cm 80 – 120 190 – 250  
   
Over the course of this project, alum dosages at the plant ranged from 90 to 120 
mg/L (dry hydrated alum) with a typical dose of 75 mg/L.    Typically, the TOC levels in 
Lake Manatee range from 12-30 mg/L depending on the season and weather conditions.  
The surface water treatment train, as shown in Figure 6, treats about 40 MGD and 
removes about 50-75% of the TOC, yielding finished water TOC ranging from 3.5 to 4.5 
mg/L.  Powder Activated Carbon (PAC) is used to control algal taste and odor 
compounds when needed.  The source water for this project was taken after filtration and 
 30
before disinfection.  Although chlorine was added prior to filtration, no residual chlorine 
was detected in the source water. 
Analytical Methods 
The analyses that were performed at EERL included alkalinity, calcium hardness, 
total hardness, color, UV254, pH, turbidity, conductivity, total dissolved solids, TOC, and 
microcystin-LR.  PeLa Moreaux & Associates analyzed the total trihalomethane 
formation potentials (THMFPs) and haloacetic acid formation potentials (HAAFPs).  
Microcystin-LR, geosmin and MIB were analyzed either at MCWTP.   
The analytical parameters that were monitored during the experiment are listed in 
Table 12.  Most of the methods followed were derived from Standard Methods, 
Examination of Water and Wastewater, 20th Edition (1998). 
TOC samples were collected in 40mL vials.  Samples were preserved using 
phosphoric acid to bring the pH of sample to less than 2 and stored at 4ºC.  Batch analysis 
of samples was performed using the Sievers 800 Portable TOC Analyzer (Model # 
TOC800120V).  Nanopure water was placed between each sample to flush the instrument 
between samples.  Ratio of UV254 to TOC is defined as specific UV absorbance (SUVA). 
Incubation of the samples for THMFPs and HAAFPs test was performed at the 
EERL according to SM5710 before samples were shipped to the PELA lab for analysis.  
Permeate samples spiked with sodium hypochlorite were incubated at 25ºC so that the 
free chlorine at the end of seven days was between 3 mg/L to 5 mg/L.  Sodium thiosulfate 
was used to quench the chlorine in THMFP and HAA(6)FP samples.  Samples were 
shipped to PELA labs on ice. 
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Table 12  
Analytical Methods 
 
Analyte Method Equipment Detection Limits 
Alkalinity SM 2320 B H2SO4 titration  20 mg/L as CaCO3 
Calcium Hardness SM 3500-Ca Perkin Elmer, Analyst 100, 
Atomic Absorbtion 
Spectrophotometer 
2 µg/L as CaCO3 
Total Hardness SM 2340 C Perkin Elmer, Analyst 100, 
Atomic Absorbtion 
Spectrophotometer 
2 µg/L as CaCO3 
Color HACH 2120 Hach 4000 3 Pt-Co 
UV254 HACH 2640 Hach 4000 0.005 cm-1 
pH SM 4500-H+ Fisher Scientific Accumet (-)2.000 
Temperature SM 2550 Fisher Scientific Accumet (-)5.0 ºC 
Turbidity SM 2130 B WTW Turb 550 0.01 NTU 
Conductivity SM 2510 WTW Multiline P4 0.01 µS/cm 
Total Dissolved 
Solids 
SM 2540 Gravimetric 10 mg/L 
TOC SM 5310 Sievers 800 Portable TOC 
analyzer 
0.5 µg/L 
THMFPs EPA 502.2 Gas Chromotography / 
Mass Spectrophotometer 
0.1 µg/L 
HAA(6)FPs EPA 522 Gas Chromotography / 
Mass Spectrophotometer 
0.01 µg/L 
2-Methylisoborneol SM 6040B Gas Chromotography / FID 1 ng/L 
Geosmin SM 6040B Gas Chromotography / FID 1 ng/L 
Microcystin-LR ELISA Envirologix Tube/Plate  
Kit 
0.01 µg/L 
SM = Standard Methods for the Examination of Water and Wastewater, 20th Edition 
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Cyanobacterial toxins were analyzed at EERL and MCWTP using the plate / tube 
kit from Envirologix.  The microcystin-LR samples were preserved by storing them at 
4ºC for a maximum of fourteen days before analysis.  A detailed description of the 
method used is described in Appendix D.  Geosmin and MIB were analyzed at MCWTP 
using the method described in Appendix E.  The lower detection limit of geosmin and 
MIB was 1ng/L.  Any concentrations of MIB lower that this was reported as below 
detection limits.  Gas chromatography in conjunction with mass spectrophotometer was 
used for detection of both MIB and geosmin. 
Statistical Analysis    
 Statistical analysis using the analysis of variance (ANOVA) test was performed 
on TOC, DBPFP, microcystin-LR, geosmin, and MIB results to verify if there were any 
significant differences between each membrane experiment.  ANOVA tests were also 
used to compare membrane performance at different recoveries.   
 A randomized complete block was designed and all data, i.e. permeate 
concentrations for each recovery and each membrane experiment, were entered into a 
Microsoft Excel spreadsheet.  This block design was an extension of the paired t-test to 
compare more than two NF treatments.  A sample block design table is presented in 
Table 13.  The data were first checked for normal distribution.  A null hypothesis was 
then assumed that all membranes experiments performed the same and statistically there 
were no differences (Montgomery, 2004).   
Similar ANOVA tests were performed to verify if there was any significant 
difference between each membrane test.  ANOVA tests indicated whether there existed a 
difference in NF membrane/test performance.  Follow up tests were performed using 
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normal distribution to isolate the specific differences between each NF membrane 
experiment and test performance.   
Table 13 
Randomized Block Design Table for TTHMs 
 
Recovery Membrane   
50 70 85 95 
Total 
NF90 13.7 15.6 17.0 20.3 66.6 
NF270( a ) 23.7 23.4 23.9 26.6 97.6 
 NF270 ( b ) 22.7 22.9 23.2 25.1 93.9 
NF270( c ) 30.9 34.8 27.3 28.1 121.1 
LFC1 28.7 25.1 31.3 41.7 126.8 
NTR7450 75.1 87.1 108.1 123.3 393.6 
Totals 194.8 208.9 230.8 265.1 899.6 
Averages 32.5 34.8 38.5 44.2  
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RESULTS 
 
This section summarizes the results obtained testing six membranes for TOC, 
UV254, DBP precursors, and algal exudates rejection.  Detailed results showing time 
variations of the permeate flux, permeate and waste flow, influent and concentrate 
pressure, MTC, temperature corrected MTC, UV254, conductivity, pH, recovery, and one 
pass recovery are given in Appendix F.       
Setting and Recovery Tests 
 A summary of the permeate flux versus time for the setting test is presented in 
Figure 7.  As shown the flux rates for all the membranes decreased with time during the 
setting procedure.     
0
5
10
15
20
25
30
35
40
45
50
55
60
0 5 10 15 20 25 30
Time (hrs)
P
er
m
ea
te
 F
lu
x 
(g
fd
)
LFC1 - 10 gfd
NTR 7450 - 19 gfd
NF270 - 19 gfd
NF270 - 32 gfd
NF90 - 19 gfd
NF270 - 12 gfd
 
Figure 7.  Setting Test – Permeate Flux Versus Time  
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 At the beginning of the membrane tests, the membranes are free of contaminants 
and should achieve higher flux rates.  The flux rate for NF270 membrane test at 32 gfd 
increased initially for one hour and then started to gradually decrease over time.  Over 
time, contaminants accumulate on the membrane surface resulting in lower flux rates.  
The differential pressure, defined as the pressure difference between the influent and the 
concentrate, also increases with time if any membrane fouling is observed.   
Recovery tests were performed to quantify the rejection capabilities of each 
membrane.  The NF270 membrane was tested at three permeate flux rates: 32 gpd/ft2, 19 
gpd/ft2, and 12 gpd/ft2.  The results from testing at 19 gpd/ft2 are discussed here.  The 
permeate flux rate was maintained at 19 gpd/ft2 and the mass transfer coefficient ranged 
between 0.32 and 0.36 gpd/ft2-psi during the recovery test.  Permeate and waste flow 
rates for the recovery test are presented in Figure 8. 
 
 
Figure 8.  Flow-Rate versus Time, Recovery Tests for NF 270 Membrane Test at 19gfd 
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Mass Transfer Coefficient 
MTC is the amount of water produced as permeate per unit area of membrane per 
unit of applied pressure.  It is one of the most important calculated operational parameter 
because it is one of the first parameter that will indicate any membrane fouling.  The 
results of the average MTCs for each membrane experiment are presented in Table 14.   
The MTC for each membrane experiment remained constant during the entirety of 
the test.  This suggests that there was little or almost no fouling over the time period of 
the tests as the flow was kept constant and the pressures varied slightly.  RBSMT for a 
longer period of time (minimum of 12 weeks) is required to observe any membrane 
fouling.   
Higher MTCs indicate more water production per area of membrane and applied 
pressure than membrane with lower MTCs.  LFC1 membrane had the lowest MTC 
indicating that this membrane would require the maximum pressure for achieving target 
flux rate.  Similarly, the NF270 membrane had the highest MTC indicating that it would 
require the least pressure for achieving target flux rate.   
Table 14 
Mass Transfer Coefficient for all Membrane Tests 
 
Membrane Operating Flux             
gpd/ft2 
Mass Transfer Coefficient 
gpd/ft2-psi 
NF90 19 0.29 
NF270 (a) 32 0.41 
NF270 (b) 19 0.32 
NF270 (c) 12 0.29 
LFC1 10 0.15 
NTR7450 19 0.32 
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Nanofiltration Membrane Rejection Performances  
 The section of the chapter is divided into three subsections: (1) TOC and UV254 
rejection (2) DBP precursor rejection, and (3) Microcystin-LR, geosmin, and MIB 
rejection. 
Comparison of Membranes for Rejection of TOC and UV254 
 
The feed water TOC ranged from 3.5 to 4.5 mg/L in the post filtration Lake 
Manatee water.  NF permeate TOC concentrations ranged from 0.154 to 2.02 mg/L 
depending on the membrane, flux rate and overall system recovery.  Higher TOC 
rejections corresponded with lower recoveries.  The feedwater (CF), permeate (CP), and 
the percent removal of UV254 based on permeate recovery and membrane are listed in 
Table 15.  SUVA values are also presented.     
TOC rejections of tested membranes versus recovery are shown in Figure 10.  The 
TOC percent rejections ranged from 46 to 96% based on membranes and permeate 
recovery.  Both NF90 and NF270 showed greater than 90% rejection of TOC, even at the 
higher recoveries of 95%.  The NF270 in comparison to NF90 at same flux rate of 19 gfd, 
ran at lower inlet pressure.  This could impact full-scale operations by decreasing 
operational costs.  In contrast, the NTR7450 membrane rejected 70% TOC at 50% 
recovery which decreased to 46% at 95% recovery.  The NTR7450 had the let rejection 
whereas LFC 1 showed the highest rejection of TOC.  All membranes except for NTR 
7450 showed a TOC rejection greater than 90 % for all recoveries tested.   
A similar trend was observed for the UV254 rejection at the various recoveries and 
fluxes tested.  The average influent UV254 was 0.08 cm-1 whereas the permeate UV254 
varied from 0.0006 to 0.042 cm-1.  UV254 rejection correlated well with TOC rejection for 
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all membrane experiments.  TOC and UV254 rejection for the three membrane 
experiments for NF270 at four recoveries tested are presented in Figure 9.   
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Figure 9.  TOC & UV254 versus Recovery for NF270 Membrane  
 
As the permeate recoveries and flux rates increased, rejection of target 
contaminants decreased.  The decrease in rejection may reflect that the rejection by NF is 
diffusion controlled.  Also, the slope of decrease in rejection as recovery increases is 
more significant for NTR 7450 than other membranes.  SUVA for the feed water ranged 
from 1.7 to 2.3 L/mg-m which is characteristic of nonhumic material (Volk et al., 2002).  
Also, water pretreated by chemical coagulation and conventional filtration are expected 
to have these values of SUVA (Volk et al., 2002).   
The trend for rejection of UV254 and conductivity at different recoveries along 
with the permeate concentrations are shown in Figure 11.  The feed concentration of 
UV254 ranged from 0.068 to 0.081 cm-1 and the feed concentration of conductivity ranged 
from 220 to 235 µS/cm.   
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Table 15 
TOC, UV254 and SUVA Data for NF Membranes Tested 
 
TOC (mg/L) UV254 (cm-1) SUVA (L/mg-m) 
Membrane Recovery 
CF2 CP3 Rej.1 CF2 CP3 Rej.1 CF2 CP3 
          
NF90 50 4.52 0.227 95.0 0.080 0.0006 99.3 1.76 0.26 
 70 4.52 0.268 94.0 0.080 0.0011 98.6 1.76 0.41 
 85 4.52 0.287 93.6 0.080 0.0021 97.7 1.76 0.73 
 95 4.52 0.319 92.9 0.080 0.0026 96.7 1.76 0.82 
          
NF270 (a) 50 3.81 0.242 93.6 0.079 0.0014 98.3 2.07 0.58 
 70 3.81 0.288 92.4 0.076 0.0021 97.3 2.07 0.73 
 85 3.81 0.311 91.8 0.076 0.0029 96.2 2.07 0.93 
 95 3.81 0.369 90.3 0.074 0.0034 95.5 2.07 0.92 
          
NF270 (b) 50 3.62 0.183 94.9 0.075 0.0011 98.6 2.07 0.60 
 70 3.62 0.198 94.5 0.078 0.0019 97.7 2.07 0.96 
 85 3.62 0.245 93.2 0.071 0.0033 95.4 2.07 1.34 
 95 3.62 0.302 91.7 0.068 0.0051 92.5 2.07 1.69 
          
NF270 (c) 50 3.55 0.179 95.0 0.081 0.0011 98.8 2.28 0.61 
 70 3.55 0.192 94.6 0.076 0.0020 97.4 2.28 1.04 
 85 3.55 0.233 93.4 0.071 0.0033 95.4 2.28 1.41 
 95 3.55 0.287 91.9 0.073 0.0045 93.9 2.28 1.56 
          
LFC1 50 3.77 0.154 95.5 0.078 0.0009 98.9 2.07 0.58 
 70 3.77 0.171 95.9 0.080 0.0017 97.9 2.07 0.94 
 85 3.77 0.185 95.1 0.071 0.0031 95.7 2.07 1.67 
 95 3.77 0.225 94.0 0.068 0.0039 94.3 2.07 1.73 
          
NTR 7450 50 3.75 1.14 69.6 0.076 0.0250 67.6 2.03 2.19 
 70 3.75 1.41 62.4 0.078 0.0330 57.7 2.03 2.34 
 85 3.75 1.68 55.2 0.076 0.0360 52.7 2.03 2.14 
 95 3.75 2.02 46.1 0.079 0.0420 46.9 2.03 2.08 
1Rej. – Percent Rejection 
2CF-feed concentration 
3 CP-permeate concentration 
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Figure 10.  TOC Rejection for NF Membranes at Tested Recoveries 
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Figure 11.  Time Variation of Permeate Conductivity and UV254 for NF270 at 19gfd 
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The permeate concentration of UV254 for NF270 membrane at 19 gfd remained 
almost constant throughout the stabilization period of recovery test at about 0.018 cm-1.  
Once the recovery changed the UV254 permeate concentration varied from 0.011 cm-1 to 
0.048 cm-1 depending on the recovery.  As the recovery increased the permeate water 
quality decreased.  Similar trends were observed for conductivity.  The permeate 
concentration of conductivity ranged from 35 µS/cm at 50% recovery to 85 µS/cm at 
95% recovery.      
Statistical analysis using ANOVA concluded that the NF90, LFC1, and NTR7450 
membranes behaved significantly differently.  The NF90 and LFC1 membranes produced 
significantly lower permeate concentrations of TOC whereas NTR7450 membrane 
produced significantly higher permeate concentrations of TOC when compared to the 
mean concentrations of all the membrane experiments.  A similar analysis for recoveries 
was also performed, but there was not enough evidence statistically to state that the 
membrane tests at different recoveries were significantly different.  However, there exists 
a linear relationship of membrane recovery to permeate TOC concentration as seen in 
Table 16. 
Relationship of TOC with Recovery 
A linear relationship of TOC rejection versus recovery was observed for all NF 
membranes and correlation coefficients are presented in Table 16.  The linear regression 
value (R2) for the NF90 membrane experiment was calculated as 0.98.  Good correlations 
were observed for all the membrane tests as seen in Table 16.  Although statistically, the 
test runs at different recoveries were not significant different, there exists a linear 
relationship of membrane rejection with recovery. 
 42
Table 16 
Linear Regression Values for Comparison of Permeate TOC Correlation with Recovery 
 
Membrane Slope Intercept Correlation Coefficient R2 
NF90 0.002 0.13 0.98 
NF270(a) 0.003 0.11 0.94 
NF270(b) 0.003 0.04 0.86 
NF270(c) 0.002 0.05 0.85 
LFC1 0.001 0.08 0.86 
NTR7450 0.019 0.15 0.96 
 
Comparison of Membranes for Rejection of DBP Precursors 
THMFPs and HAA(6)FPs were monitored in this project.  The range of THMFP  
rejection ranged from 17 % to 91 % for all membranes.  The feedwater concentrations 
(CF) and the permeate concentrations (CP) along with the percentage rejection for 
THMFP and HAAFP are listed in Table 17.   
The feed water THMFP varied from 113 to 154 µg/L.  The THM precursor 
rejection achieved for all NF membranes tested except for NTR7450 was greater than 70 
% at the recoveries tested.  A summary of the results for THM precursor rejection by all 
membranes is presented in Figure 13 and is also compared to the Stage 1 EPA MCL for 
THM.  It also presents the concentration of the individual species of THMFP in the feed 
and permeate water.   
The NF270 membrane was tested at three different recoveries of 12, 19 and 32 
gfd.  As the flux and the recoveries increased, the THM precursor rejection decreased.  
NF90 showed the best rejection (86 to 91%) capabilities whereas NTR7450 membrane 
showed lower (17 to 48%) rejections for THMFP.  Graphical representation of THMFP 
rejections for all NF membranes tested in this research is presented in Figure 12.   
 43
10
20
30
40
50
60
70
80
90
100
40 50 60 70 80 90 100
Recovery (%)
TH
M
FP
 R
ed
uc
tio
n 
(%
)
NF270 32 gfd
NF270 19 gfd
NF270 12 gfd
NF90 19 gfd 
NTR7450 19 gfd
LFC1 19 gfd
 
Figure 12.  THMFP Reduction Percentages for Nanofiltration Membranes Tested 
The TTHMs and HAA(5)s formed due to chlorination before filtration at 
MCWTP were in the range of 5-7 µg/L and less than 1 µg/L respectively (Mark Simpson, 
MCWTP, April 2004).  These concentrations have not been considered for THMFP and 
HAAFP rejections in this research.  If these concentrations are considered, the rejections 
would either be the same or higher than the rejections mentioned in this section. 
ANOVA analysis suggested that NF90 and NTR7450 membranes behaved 
significantly differently for DBPFP reduction.  The NF90 membrane produced lower 
permeate concentrations of THMFP whereas NTR7450 membrane produced much higher 
permeate concentrations of THMFP when compared to the mean concentrations of all 
membrane tests.  A sample matrix was then made to evaluate if there was any significant 
difference in the membrane tests at different recoveries.  There was not enough evidence 
statistically to state that the membrane tests at different recoveries were significantly 
different.  Again, similar to TOC rejection, a linear relationship of membrane recovery to 
permeate THMFP concentration exists. 
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Table 17 
THMFP & HAAFP Data for NF Membranes Tested 
 
THMFP4 HAA(6)FP5 
CF2 CP3 Rejection1 CF2 CP3 Rejection1 Membrane Recovery 
µg/L µg/L % µg/L µg/L % 
NF90 50 142.5 13.7 90.4 283.6 ND - 
 70 142.5 15.6 89.1 283.6 ND - 
 85 142.5 17.0 88.2 283.6 ND - 
 95 142.5 20.3 85.8 283.6 ND - 
        
NF270 (a) 50 112.6 23.7 79.0 436.0 ND - 
 70 112.6 23.4 79.2 436.0 ND - 
 85 112.6 23.9 78.8 436.0 ND - 
 95 112.6 26.6 76.4 436.0 48.4 90.9 
        
NF270 (b) 50 116.3 22.7 80.5 49.8 3.8 92.3 
 70 116.3 22.9 80.3 49.8 0.7 98.6 
 85 116.3 23.2 80.1 49.8 5.3 89.4 
 95 116.3 25.1 78.4 49.8 4.8 90.3 
        
NF270 (c) 50 153.3 30.9 79.8 141.0 21.4 84.8 
 70 153.3 34.8 77.3 141.0 21.6 84.7 
 85 153.3 27.3 82.2 141.0 43.0 69.6 
 95 153.3 28.1 81.7 141.0 53.5 62.1 
        
LFC1 50 143.8 28.7 80.0 131.6 8.5 93.5 
 70 143.8 25.1 82.5 131.6 26.7 79.7 
 85 143.8 31.3 78.2 131.6 7.3 94.4 
 95 143.8 41.7 71.0 131.6 11.6 91.2 
        
NTR 7450 50 145.9 75.1 48.5 220.3 32.7 84.2 
 70 145.9 87.1 40.3 220.3 52.9 74.5 
 85 145.9 108.1 25.9 220.3 156.2 24.7 
 95 145.9 121.3 16.9 220.3 171.0 17.5 
1Rej. – Percent Rejection   4 THMFP – EPA Method 502.2 Detection limit upto 0.1 µg/L 
2 CF-feed concentration   5 HAAFP – EPA Method 552 Detection limit upto 0.01 µg/L 
3CP-permeate concentration
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Figure 13.  Feed and Permeate THMFP Concentration with Speciation 
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Similar or even higher rejections were observed for all membranes for the 
HAA(6)FP.  The rejection ranged from 18 to 99 %.  Higher HAA(6)FP rejections were 
observed when compared to THMFP rejections as seen in Table 17.  TOC and UV254 
rejection were similar to the rejections of DBP precursors monitored and provide a 
screening tool to assess DBP precursor rejection.  The graphical representation of 
permeate THMFP and SUVA values versus system recovery for NF90 membrane test is 
shown in Figure 14.  Rejection for THMFP did not correspond to SUVA values as similar 
recoveries.  At higher recoveries, the SUVA values as well as the permeate THMFP 
increases. 
The speciation of the disinfection byproducts in feed water and permeate 
indicated that chloroform comprised about 63 % of the total THMFP formed in feed 
water and permeate water.  Currently, MCWTP uses chloramines for disinfection and 
produces about 60-70% chloroform in finished water (Mark Simpson, MCWTP, April 
2004). 
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Figure 14.  SUVA and THMFP Permeate Concentration Versus Recoveries for             
NF90 Membrane Test 
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Comparison of Membranes for Rejection of Algal Exudates 
The post filtered Lake Manatee water was spiked with algal exudates for 
performing the spiked test.  These include spiking of microcystin-LR with 10 µg/L, 
geosmin and 2-methylisoborneol (MIB) both 50 ng/L.  The concentrations of feed water, 
permeate, and concentrate for microcystin-LR are presented in Table 18.  The feed water 
concentration of microcystin-LR varied from 9.7 µg/L to 12.4 µg/L.   
The rejection of microcystin-LR varied from 94% to 99% except for NTR7450 
which showed comparably low rejections in the range 80 % to 87 % depending on the 
recoveries.  It should also be noted that even at higher recoveries of 95% all the 
membranes, except for NTR 7450 membrane, were able to achieve, the WHO limit of 
1µg/L for microcystin-LR at a spiked concentration of 9.7 µg/L to 12.4 µg/L  resulting in 
a permeate concentrations from 0.12 to 0.96 µg/L.  The results from the microcystin-LR 
spiked tests are presented graphically in Figure 17.  Microcystin-LR rejection for the 
three fluxes tested for NF270 membrane is shown in Figure 15. 
Higher rejections (greater than 50%) of MIB and geosmin were also obtained for 
NF90, NF270 and LFC1 membrane as shown in Table 15 and Figure 18.  NF90 and 
LFC1 membranes performed the best with rejections of greater than 95%.  NF270 
membrane at flux rates of 12 and 19 gfd performed better (> 74% rejection) than at a 
higher flux rate of 32 gfd (>67% rejection).   
The feed concentration of geosmin varied from 43 to 215 ng/L and the permeate 
concentration varied from <1 ng/L to 51 ng/L.  The threshold odor concentration for 
geosmin is 10 ng/L (McGuire et al, 1981).  Geosmin rejection for the three fluxes tested 
for NF270 membrane is shown in Figure 16. 
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Figure 15.  NF270 Microcystin-LR Rejection - Function of Recovery and Permeate Flux  
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Figure 16.  NF 270 Geosmin Rejection – Function of Recovery and Permeate Flux 
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Table 18 
 Microcystin-LR, Geosmin and 2-Methylisoborneol Data for NF Membranes 
 
Microcystin-LR (µg/L) Geosmin (ng/L) 2-Methylisoborneol (ng/L) 
Membrane Recovery 
CF2 CP3 Rej.1 CF2 CP3 Rej.1 CF2 CP3 Rej.1 
           
NF90 50 12.4 0.12 99.0 215 6.9 97 210 5.4 97 
 70 12.4 0.16 99.0 215 7.3 97 210 11.8 95 
 85 12.4 0.17 99.0 215 7.8 97 210 12.1 94 
 95 12.4 0.22 98.0 215 8.8 97 210 19.5 92 
           
NF270 (a) 50 9.7 0.28 97.1 115 21.2 81.6 122 12.8 89.5 
 70 9.7 0.35 96.4 115 29.2 74.6 122 23.0 81.2 
 85 9.7 0.30 97.0 115 32.8 71.5 122 26.8 78.1 
 95 9.7 0.59 93.9 115 38.6 66.5 122 44.4 63.7 
           
NF270 (b) 50 10.2 0.20 98.1 52 10.2 82.0 55 5.1 91.6 
 70 10.2 0.22 97.9 52 10.3 82.0 55 11.6 80.9 
 85 10.2 0.27 97.5 52 15.4 72.9 55 11.1 81.8 
 95 10.2 0.42 96.0 52 15.1 73.4 55 17.1 71.9 
           
NF270 (c) 50 10.4 0.14 98.7 40 5.9 85.3 53 5.1 90.8 
 70 10.4 0.18 98.3 40 6.1 84.9 53 8.0 85.4 
 85 10.4 0.26 97.6 40 7.1 82.3 53 7.1 87.7 
 95 10.4 0.34 96.8 40 10.8 73.0 53 12.0 77.9 
           
LFC1 50 9.8 0.10 99.0 52 BDL - 43 BDL - 
 70 9.8 0.12 98.8 52 BDL - 43 1.97 96.0 
 85 9.8 0.16 98.5 52 0.45 99.0 43 0.50 99.0 
 95 9.8 0.21 98.0 52 BDL - 43 0.45 99.0 
           
NTR 7450 50 9.4 1.21 87.6 49 45.2 16.9 54 42.4 27.3 
 70 9.4 1.65 83.1 49 42.1 22.9 54 49.1 15.9 
 85 9.4 1.85 81.1 49 41.0 24.6 54 46.5 20.4 
 95 9.4 1.96 79.9 49 37.8 30.6 54 51.5 11.8 
1Rej. – Percent Rejection 
2CF-feed concentration 
3 CP-permeate concentration
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Figure 17.  Microcystin-LR Concentration in Permeate Water of Each Nanofiltration Membrane  
at Recoveries Tested for Water Spiked with 8.5-12.0 µg/L 
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Figure 18.  2-Methylisoborneol & Geosmin Concentration in Permeate Water of Each Nanofiltration Membrane at Recoveries 
Tested for Water Spiked with 40-215 ng/L 
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Membrane tests for NF90, NF270 at 12 gfd, and LFC1 produced permeate that 
did not exceed the threshold odor concentration.  The NTR 7450 and NF 270 at 19 gfd 
and 32 gfd were among the membrane tests which did not meet the threshold 
concentration for geosmin.  The feed concentration of MIB varied from 43 ng/L to 210 
ng/L.  The NF90 and NF 270 membranes were spiked at higher concentrations to 
quantify the rejection at higher concentrations.  The permeate concentration for MIB 
ranged from < 1ng/L to 51 ng/L.  The lower detection limit of MIB was 1 ng/L.  NF 270 
MIB rejection for recoveries and permeate flux tested is presented in Figure 19.     
All membranes reduced the permeate concentrations of MIB to less than 29 ng/L 
except for the NTR 7450 and 95% recovery for NF 270 membrane at 32 gfd.  It must be 
noted, however, that the NF 270 membrane at 32 gfd was tested at higher feed 
concentration of MIB. 
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Figure 19.  NF 270 MIB Rejection - Function of Recovery and Permeate Flux 
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ANOVA analysis indicated that these membranes behaved differently for 
microcystin-LR, geosmin, and MIB rejection.  The NF90 and LFC1 membrane produced 
lower permeate concentrations of microcystin-LR and geosmin whereas NTR7450 
membrane produced much higher permeate concentrations of microcystin-LR and 
geosmin when compared to the mean concentrations of all membrane tests.  For the MIB, 
LFC1 and NF270 at 12 gfd produced lower permeate concentrations whereas NTR 7450 
membrane test produced higher permeate concentrations.  ANOVA analysis was 
performed on recoveries tested.  There was not enough evidence to state that the 
membrane tests at different recoveries were significantly different for microcystin-LR 
and MIB.  The null hypothesis that the performance was the same at all recoveries was 
not rejected for the permeate geosmin concentration data.  Again, a linear relationship of 
membrane recovery to permeate contaminant concentration exists. 
Relationship of TOC with Algal Exudates Removal 
 The TOC rejection, if related to the algal exudates rejection, will provide the 
water treatment plant a surrogate parameter for estimating algal exudates removal.  The 
TOC rejection is compared to the rejection of microcystin-LR, geosmin, and MIB and 
plotted for NF90 membrane test in Figure 20. 
As seen in Figure 20, a linear relationship exists between TOC rejection and 
microcystin-LR rejection at different recoveries.  Similar relationships exist between 
TOC rejection and geosmin and MIB rejection.  The regression values for these plots are 
0.90, 0.91 and 0.90 for microcystin-LR, geosmin and MIB respectively suggesting a 
linear relationship with permeate TOC concentration.  The relationship could be used to  
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estimate the rejection of algal exudates as a function of TOC rejection.  These 
correlations are specific for Lake Manatee post filtration water.   
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Figure 20.  TOC Rejection versus Microcystin-LR, Geosmin and MIB Rejection for 
NF90 Membrane at Four Different Recoveries 
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DISCUSSION 
 
 In this chapter, the relative performance of the membranes is evaluated in terms of 
rejection of target compounds.  For the four commercially available NF membranes 
tested in this study, the RBSMT was effective at identifying a subset of membranes for 
further testing.   
Comparison of Membranes Performance 
To select membranes for water treatment applications, the relative performance of 
membranes can be compared in terms of rejection of TOC, UV254, DBP precursor, and 
algal exudates.  A comparison of rejection at 70% recovery is given in Table 19.  Based 
on these results, NF90, NF270, and LFC1 membranes performed better than NTR7450 in 
this study.   
Table 19 
Comparison of Membrane Performance based on Percent Removal at 70% Recovery 
 
Percent Removal 
Membrane 
TOC UV254 THMFP HAAFP Microcystin-LR Geosmin MIB 
NF90 94 98 89 99 99 97 95 
NF270 a 93 97 79 99 96 75 81 
NF270 b 95 98 80 98 98 82 81 
NF270 c 95 98 78 85 99 85 86 
LFC1 96 98 83 80 99 99 96 
NTR7450 63 58 40 74 83 54 16 
a NF270 at 32 gfd 
b NF270 at 19 gfd 
c NF270 at 12 gfd 
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Studies conducted by Falls (2002), suggested that the NF90 membrane at 19 gfd 
displayed a rejection of 95 to 98 % for TOC and 89% for THMFP.  Similar results were 
seen in this research with a 93 to 95 % rejection for TOC and 86 to 90 % rejection for 
THMFP.  Falls (2002) also suggested that the NF270 membranes at 32 gfd rejected 94 to 
96 % TOC and 88 % THMFP.  These results were confirmed in this research by 
achieving rejections of 91 to 94 % for TOC and 88 to 91 % for THMFP. 
Taylor (2000) evaluated the NTR7450 membrane at 15 gfd on conventionally 
treated Floridian surface water and achieved a rejection of 71% for TOC and 68% for 
THMFP.  Lower rejections were obtained from this research by getting rejection of 46 – 
70% rejection for TOC and 16 to 49 % rejection for THMFP.  This could be due to the 
different influent water quality.  Reiss (1999) rejected 93% TOC using the LFC1 
membrane.  TOC rejection was similar in this research for LFC1 membrane with 94 to 96 
% rejection.  Veerapaneni (2001) used the LFC1 membrane on conventionally treated 
surface water and achieved 72 % rejection of THMFP.  The RBSMT results in this 
research showed similar rejections of 71 to 80 % THMFP. 
Although NF90, LFC1, and NF270 membranes displayed good rejection for target 
contaminants at recovery rates of 85 and 95%, NF270 membrane is recommended for 
further bench and pilot testing as along with high rejections it was coupled with lower 
feed pressure.  This would increase the MTC and thereby productivity at a lower 
operational costs.   
Operational Parameters 
The advantage of running the membrane at higher recoveries is that more 
permeate water is produced and less amount of concentrate is generated.  It was 
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important to know the contaminant rejections at higher permeate recoveries of 85 % and 
95% as the pilot plant testing and full scale plant are expected to run at these recoveries 
rather than recoveries of 50 or 70%.  Therefore, the flux rate and the permeate recovery at 
which the membrane should be operated to optimize the treatment process is important to 
know.  This study shows that recovery of NF system influences permeate water quality. 
Other important operational parameter is the feed pressure at which the NF 
treatment operates.  Higher feed pressure for the optimized flux rate and recovery will 
increase the operational costs.  Amongst the membranes tested, NF270 and NTR7450 
membranes operated at the lowest feed pressures.  However, NF270 membranes 
displayed higher rejections of target compounds.  While, the NTR7450 had lower 
rejection of TOC and DBPFP, it has lower operating costs (due to lower pressures) and 
may foul less depending on the treatment goals and the influent water quality.  It may 
meet the design objectives at a lower cost that the other membranes.   
Concentrate Disposal 
 Concentrate disposal from NF treatment is a significant problem due to increased 
regulations by state / federal governments on it disposal.  This stream could be hazardous 
in nature due to the high concentration of chemicals and algal toxin contaminants.  
Research should be performed to determine the treatability of this stream.  Pre-treatment 
may be necessary before the disposal of this stream.  The stream could be diluted by 
diverting it into the influent of a conventional waste water treatment plant.  Other options 
included land application, deep well injection and evaporation ponds.  The driving force 
for the decision for waste disposal technology will be the quality and quantity of 
contaminants. 
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CONCLUSIONS 
  
The objectives of this study were to evaluate four commercially available 
nanofiltration (NF) membranes at different recoveries and fluxes to determine the 
feasibility of NF as a polishing treatment for removal of disinfection by-products (DBPs) 
and algal exudates from conventionally treated surface water.  The conclusions derived 
from this research are:  
(1) Three of the four NF membranes tested: NF90, NF270, and LFC1, showed the 
ability to reject a high percentage of TOCs (greater than 90%) from conventionally 
treated surface water at all the recoveries tested.  Higher rejections of THM and HAA 
precursors using NF treatment correlated with higher rejections of TOC and UV254 
rejection at the recoveries tested.    
(2) The rejection of TOC and precursors of THM and HAA(6) decreased with 
increasing feedwater recovery suggesting that the transport of these materials is 
controlled by molecular diffusion across the membranes than by physical sieving at 
membrane surface. 
(3) Three nanofiltration membranes (NF90, NF270, and LFC1) achieved 
excellent rejection for microcystin-LR, algal toxin.  These NF membranes reduced the 
permeate concentration of microcystin-LR to less than 1 µg/L, which is the WHO 
guideline for all the recoveries tested, from an initial concentration of 10 µg/L.   
  
 
 59
(4) Careful selection of NF membranes is required for higher rejections of taste 
and odor compounds, geosmin and MIB due to their low molecular weight (182 and 168).  
Bench and pilot testing results are important as the recovery and flux can be decided to 
meet the threshold limits for algal compounds as not all NF membranes rejected these 
compounds to less than their threshold limits.     
(5) The bench testing suggests that NF membranes can be effectively used as a 
polishing process for the removal of residual TOC, algal and cyanobacterial exudates 
from treated surface water. 
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RECOMMENDATIONS FOR FUTURE RESEARCH 
 
 To meet the increasing stringent regulations from the EPA, alternative approaches 
are needed.  The RBSMT can provide a screening tool to investigate factors influencing 
removal of organics and trace contaminants.     
Bench-Scale Testing     
 As a follow-up to this project, the RBSMT can be applied to conduct in-depth 
bench scale testing.  Some potential research projects are listed below. 
1. The impacts of seasonal water quality variations on the effectiveness of NF for 
removal of NOM should be investigated.  The algal and cyanobacterial blooms 
are more prevalent during the dry season.    
2. Long term analysis (greater than 12 weeks) of NF membranes is recommended to 
assess membrane fouling.  It is suggested to test the membrane for a longer period 
of time (greater than 12 weeks) continuously using the RBSMT and monitoring 
the MTC while keeping the flux rate constant.  Drop in MTC could indicate 
membrane fouling.   
3. Based on bench scale testing, rejection of TOC and UV254 is correlated to HAA 
and THM precursor rejections.  This correlation should be further investigated as 
these parameters could be used as indirect measures of DBPFP rejection. 
4. The feasibility of using NF for removal of other pollutants including other DBPs, 
other algal by products, pesticides, pharmaceutically active compounds (PHACs) 
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and endocrine disruptors (EDRs) should be investigated.  These contaminants 
should be spiked individually as well as a group with other contaminants into 
laboratory Nanopure water as well as conventionally treated water and then 
treated using NF and RBSMT to isolate their individual rejection and/or group 
rejection.  
5. Individual rejection of target contaminants rather than combination of various 
species should be investigated.  Microcystin-LR, geosmin and MIB were spiked 
in post filtered Lake Manatee water which had TOC in the range of 3.5 to 4.6 
mg/L in this research.  This is important as although geosmin and MIB have 
molecular weight of 182 and 168, these contaminants are rejected using NF 
treatment.  These contaminants could have been attached to other larger 
contaminants such as TOC and getting rejected thereby.  Spike test using lab 
Nanopure water and individual contaminant could be treated using NF to isolate 
the rejection of the contaminant.  
6. The disposal of concentrate stream is an issue with membrane processes.  The 
concentrate stream will contain high concentrations of chemicals and algal toxins 
rejected by the NF membrane.  Thus, the water quality analysis and disposal of 
concentrate stream should be investigated.  Pre-treatment of this stream prior to 
its disposal should also be investigated.  The disposal options could be land 
application, deep well injection, and evaporation ponds.  Diluting the stream by 
mixing it in influent of a waste water treatment system can also be investigated. 
7. A model should be developed and applied to describe the diffusion and 
convection transport of target contaminants across the membrane.  This could be 
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accomplished by developing equations to address both the diffusion and 
convection transport and predicting permeate concentration of a given 
contaminant.   
Pilot Testing  
 Pilot testing of candidate membranes for a utility should be conducted as an 
integral component of system design.  Important parameters are contaminant rejection, 
permeate flux, feed water recovery and membrane fouling.  Based on the results from the 
RBSMT applied in this research, the NF90, NF270, and LFC1 membranes should be 
considered for pilot testing.   
Test data from the RBSMT should be used in membrane manufacturer’s model, 
such as Hydranautics “IMS Design Software” model, which would predict design 
features such as the number of pressure vessels, number of membranes, stages and 
chemical requirements and their dosages.  Membrane fouling and clean in place (CIP) are 
important factors which should be investigated during the pilot testing of selected NF 
membranes.  While running the NF pilot plant, MTC normalized for temperature values 
could be calculated.  Drop in the MTC values generally indicate membrane fouling and 
time for a CIP.  Cleaning of membranes, CIP, should be done with membrane 
manufacturer recommended chemicals and instructions.   
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Appendix A:  Equipment List & Photographs 
 
Equipment List 
 
1. Osmonics Sepa CF System E-316 Stainless Steel (SS) Cell Body for Low Foulant 
Spacers  
 Includes Stainless Steel Cell Body, Aluminum Cell holder, Pressure gauge (system 
pressure), pressure gauge (concentrate pressure), concentrate control valve, 
instruction manual, low Foulant feed spacer, permeate carrier and tubing kit) 
2. 316 Stainless steel (SS) tubing 1/4" OD- SUPELCO INC Part Nbr: 20527 (Fisher 
Cat # NC9301000) 
3. Various SS compression fitting for 1/4" tubing, 1/8" to 1/4" SS male reducers (for 
pumps and flow  meters), 1/4" SS union tees, 1/2" to 1/4" SS reducing bushings 
(pressure relief valve), and 1/4" SS couplers 
4. 16 Gallon Feed Tank - Nalgene Tank  
5. Feed Water Pump and Recycle Pump 
 Cole Parmer Variable Speed Gear pump Drive, Model 75211-10 and Micropump 
head, Model 200.150-000 
6. Flowmeter-Scienceware flowmeters--Fisher Cat # 11-163-75C, Bel-Art No.: 
H40407 0035, Size # 5 
7. Temperature gauge—Lab Safety 3inch Cat# 66479-1A   
8. Needle valve -Cole Parmer Cat # EW-68831-00 Needle Valve, Brass, 600 Max psi  
9. Pressure gauges (3 nos.) —Cat # EW-68110-30   Cole-Parmer® Economical Digital 
Gauges  
10. Pressure relief valve- Cole Parmer Cat #EW-03245-40-316 SS Relief Valve, 1/2" 
NPT(F) 40-150 psig   
11. Check valve for recycle line- Cole Parmer Cat # EW-98553-02 
12. 16 turn Cole Parmer metering valve 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 68
Appendix A (Continued) 
 
 
 
Figure A-1.  Osmonics Sepa Test Cell (Top-Compressed Air Line (black) and System 
Pressure for Membrane Cell Holder. Left to Right-Concentrate valve, Concentrate 
Pressure Gauge, Influent Temperature Gauge and Influent Pressure Gauge) 
 
 
Feed Line
Permeate Line 
Concentrate Line 
Osmonics Sepa 
Test Cell 
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Appendix B: Chlorine Demand for Source Water 
Chlorine demand tests were performed to determine the amount of chlorine that is 
consumed or decayed in 7 days at 25ºC.  Chlorine was added to test water at levels of 6, 
10.5 and 13 mg/L (Case 1, 2 and 3 respectively).  Lab Nanopure water was spiked with 
10 mg/L as a control (Case 4).   
 
1. The chlorine demand of the glass bottles were quenched prior to the chlorine 
demand tests on test water with soaking them in water containing 10 mg/L of free 
chlorine for 4 hours. 
2. Sixteen bottles at each level of chlorinated water were incubated for 7 days at 
25ºC in 300 mL glass bottles without head space in dark conditions.   
3. The free chlorine was monitored every 30 minutes for the first four hours and then 
every day and a chlorine demand was determined at the end of 7 days.   
 
Table B-1 
Post Filtration Lake Manatee Chlorine Demand Test Results 
 
Time pH Free Chlorine (mg/L) 
(days) Case 1 Case 2 Case 3 Case 4 Case 1 Case 2 Case 3 Case 4 
0 8.04 7.94 7.76 5.75 12.6 10 5.5 9.1 
0.01 8.02 7.48 7.62 5.43 10.8 9.2 5.1 8.8 
0.02 8.01 7.73 7.53 5.39 9.7 8.9 4.9 8.7 
0.04 7.91 7.37 7.49 5.48 9.2 8.3 4.4 8.6 
0.17 7.67 7.73 7.42 5.51 8.5 8.1 3.1 8.4 
1 7.61 7.58 7.21 5.48 6.7 6 2.5 8.2 
2 7.45 7.35 7.03 5.44 5.3 4.9 1.8 8.1 
3 7.34 7.25 6.98 5.39 5.1 4.5 1.5 8.4 
4 7.34 7.23 7.01 5.54 4.8 3.9 1.2 8.6 
5 7.32 7.21 6.98 5.51 4.2 3.5 1 8.3 
6 7.31 7.2 6.97 5.5 4 3.4 0.9 8.4 
7 7.31 7.19 6.96 5.46 4 3.4 0.9 8.4 
 
Chlorine demand trends are shown in Figure 4.  It is seen that the chlorine 
demand is the highest in the first few hours (4 hours) of contact.  Further, after four days,  
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the chlorine demand of the water nearly reduced to zero.  The control sample free 
chlorine remained constant throughout the duration of the test. 
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Figure B-1.  Chlorine Demand Test Conducted on Lake Manatee Post Filtered Water 
 A ratio was developed using feed TOC and chlorine demand.  This ratio was 
calculated to be 2.2 mg of free Cl2 per mg of TOC.  The amount of free chlorine to be 
dosed to NF permeate was estimated on the basis of TOC concentration at the end of the 
membrane test and this ratio.  For example, if the permeate TOC was measured as 0.5 
mg/L then the chlorine demand was estimated as 1.1 mg Cl2.  The free residual chlorine at 
the end of 7 day incubation at 25ºC chlorine was targeted between 3 mg/L and 5 mg/L.  
Hence, the amount of chlorine to be spiked in NF permeate would be 5.2 mg/L 
approximately for the THMFP and HAAFP tests.  
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Appendix C:  Comparison of Membranes for Rejection of Inorganics 
 Inorganics rejection, rejection of total hardness, calcium hardness and 
conductivity are presented in Table C-1.  The influent total hardness concentration 
averaged 95 mg/L as CaCO3.  The total hardness for Lake Manatee is in the range of 50 
to 70 mg/L as CaCO3.  The increase in the total hardness in post filtration water is due to 
the addition of lime in their conventional treatment process.  Total hardness rejections for 
the NF270 membrane tests at 12, 19 and 32 gfd at various recoveries are presented in 
Figure C-1.  It is seen that as the recovery and flux rate increases the total hardness 
rejection decreases.     
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Figure C-1.  Total Hardness Rejection for NF270 at Different Flux Rates and Recoveries 
 
NF membranes tested in this research rejected total hardness in the range from 46 
to 99 percent and similarly rejected calcium hardness in the range of 33 to 99 percent 
depending on the flux rate and overall system recovery.  The permeate total hardness 
concentration ranged from 1 to 45 mg/L as CaCO3.  Similar rejection was observed for 
conductivity which ranged from 66 to 95 percent. 
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Table C-1 
Total Hardness, Calcium Hardness and Conductivity Data for NF Membranes Tested 
 
Total Hardness     
(mg/L as CaCO3) 
Calcium Hardness    
(mg/L as CaCO3) 
Conductivity (uS/cm) 
Membrane Recovery 
CF2 CP3 Rej.1 CF2 CP3 Rej.1 CF2 CP3 Rej.1 
           
NF90 50 99 1 99 69 1 99 233 12 94.9 
 70 99 3 96 69 2 97 233 17 92.8 
 85 99 4 96 69 4 95 232 28 88.0 
 95 99 5 95 69 4 94 230 36 84.4 
           
NF270 (a) 50 92 9 90 67 6 90 228 44 80.8 
 70 92 11 89 67 7 89 226 49 78.6 
 85 92 15 84 67 11 83 229 52 78.3 
 95 92 16 82 67 11 83 231 58 74.9 
           
NF270 (b) 50 91 9 91 64 7 89 225 36 84.0 
 70 91 10 89 64 7 90 229 48 79.1 
 85 91 13 86 64 10 84 232 65 72.0 
 95 91 16 83 64 12 81 229 81 64.7 
           
NF270 (c) 50 97 10 90 66 8 88 236 33 86.1 
 70 97 11 89 66 7 89 234 44 81.2 
 85 97 14 86 66 12 82 233 67 71.3 
 95 97 17 83 66 12 81 235 81 65.6 
           
LFC1 50 94 1 99 64 1 99 224 19 91.6 
 70 94 3 97 64 2 97 219 26 88.2 
 85 94 4 96 64 2 97 223 32 85.7 
 95 94 5 95 64 4 94 227 45 80.2 
           
NTR 7450 50 94 28 70 67 24 63 226 47 79.7 
 70 94 43 55 67 35 48 229 59 74.3 
 85 94 49 48 67 43 36 232 68 70.7 
 95 94 51 46 67 45 33 231 76 67.1 
1Rej. – Percent Rejection 
2CF-feed concentration 
3 CP-permeate concentration 
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Appendix D: Microcystin-LR Analyzed by ELISA 
Microcystin-LR analyses by Enzyme Linked Immunosorbent Assay (ELISA) were 
performed by the Manatee WTP.   
 
Microcystin Plate Kit Enclosure, rev. 04/23/99 
 
This procedure quantitatively analyzes dissolved microcystin toxins, Microcystin-LR, 
Microcystin-YR, and Microcystin-RR, through the use of the Envirologix Microcystin 
Plate Kit.  Concentrations of the toxins as low as 0.035 ppb of the detoxified microcystin 
calibrator and 0.108 ppb of microcystin-LR can be detected using the enhanced 
sensitivity protocol.  It should be noted that microcystin-LR, YR and RR when analysed 
using the kit calibrators frequently demonstrate greater than 120% recovery.  All results 
may be confirmed by High Performance Liquid Chromatography (HPLC). 
 
REAGENTS: 
 Methanol, GC/MS or pesticide grade 
Microcystin Plate Kit containing: 
12 strips of 8 antibody coated wells each 
4 calibrators; including negative control, 0.16 ppb, 0.5 ppb, and 1.6 ppb Page 
Microcystin-enzyme conjugate 
Wash solution salts 
Substrate 
Stop Solution 
Convenient concentrations of working standard solutions of the above microcystin toxins 
for preparing check standards in milli-Q water 
 APPARATUS: 
 
-Stat Fax 303 microstrip reader designed to read and calculate results of endpoint assays. 
-Micro syringes, 20 ul, 50 ul, 100 ul, and 200ul 
-Distilled water for the preparation of the wash solution 
-Glassware for the preparation and storage of wash solution 
-Timer 
-Parafilm 
 
Procedure: 
1.  Remove samples from refrigerator at least 1 hour before running assay.  To 
prevent condensation onto strips, keep strips tightly sealed in bag until ready to use.  
2.   Decide prior to starting the assay, whether the calibration and samples are to be 
analyzed in duplicate.  Assign each calibrator and sample a location with its 
duplicate in consecutive order on the strip.   
3.  Using reagents and samples at room temperature, rapidly add 125 uL of 
Microcystin Assay Diluent to each well to be used.     
4.  Immediately add 20 uL of each calibrator and sample to its assigned well.   This 
step and the diluent step should be completed within 10 minutes.   
5.  Thoroughly mix the contents of the wells by moving the plates in a circular 
motion for about 20 to 30 seconds.   
6.  Cover the wells to prevent evaporation and allow them to incubate for 30 
minutes.   
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 7.  At the end of 30 minutes add 100 uL of microcystin enzyme conjugate to each 
well.  Mix in the same manner as above, cover and incubate for another 30 
minutes.   
8.   At the end of this period, remove the parafilm and shake the plate contents into 
the sink. Using a 1000uL micropipette, flood the wells with wash solution, then 
shake empty again.   Repeat this wash step a total of 4 times.  After the last 
washing, tap the plates on a paper towel to remove all traces of wash solution.  
9.  Turn off the hood lights.  Add 100 uL Substrate to each well, mix and cover the 
wells with parafilm and a light impervious covering like a paper towel.  Incubate 
for 30 minutes in the dark. 
10.  Add 100 uL Stop solution and read immediately.  The plates should be read 
within 30 minutes of the addition of the Stop solution.  
 
Increased Sensitivity Assay Procedure: 
 
1.  Samples and calibrators should be at room temperature.  Remove kit and 
samples from refrigerator at least 1 hour before running assay.  To prevent 
condensation onto strips, keep strips tightly sealed in bag until ready to use them. 
2.  If a calibration is to be performed dilute calibrators 1:3 in Milli-Q water by 
using100 uL of the Negative Control and each calibrator to 200 uL of water.  Mix 
well. This gives an assigned value of 0.01 for the negative control dilution and true 
value concentrations of 0.05 ppb, 0.15 ppb, and 0.45 ppb for 0.16ppb, 0.5ppb, and 
1.6 ppb calibrators, respectively.   
3.The calibrators and samples are to be analyzed in duplicate.  Assign each 
calibrator and sample a location with its duplicate in consecutive order on the 
strip.4.  Using reagents and samples at room temperature, rapidly add 50 uL of 
Microcystin Assay Diluent to each well to be used.     
5.  Immediately add 50 uL of each calibrator and sample to its assigned well.   This 
step and the diluent step should be completed within 10 minutes.   
6.  Thoroughly mix the contents of the wells by moving the plates in a circular 
motion for 20 to 30 seconds.   
7.Cover the wells to prevent evaporation and allow them to incubate for 30 
minutes.  
8.  At the end of 30 minutes add 100 uL of microcystin enzyme conjugate to each 
well.  Mix in the same manner as above, cover and incubate for another 30 
minutes.   
9.    At the end of this period, remove the parafilm and shake the plate contents 
into the sink. Using a 1000uL micropipette, flood the wells with wash solution, 
then shake empty again.   Repeat this wash step a total of 4 times.  After the last 
washing, tap the plates on a paper towel to remove all traces of wash solution.   
10.  Turn off the hood lights.  Add 100 uL Substrate to each well, mix and cover 
the wells with parafilm and a light impervious covering like a paper towel.  
Incubate for 30 minutes in the dark. 
11.  Add 100 uL Stop solution and read immediately.  The plates should be read 
within 30 minutes of the addition of the Stop solution.  
12.  Consistency and accuracy in measuring reagents and samples is essential.  
Drips and bubbles at the tip of the micropipette should be avoided.    
13.  Timing is important.  Perform each step at the same time interval each time 
the analysis is performed. 
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Strip Reader Procedure 
1.  Turn on the Stat Fax 303.  When it reads “Ready” and the time, the function 
should be checked. 
2.  The check is performed by running a blank strip.  Set the absorbances to 450 
nm and 603nm.   Press ABS then select filter by pressing 2 for 450 nm and 4 for 
603 nm.  Set the carrier, press Blank and then Enter.  The reader prints the strip 
number and the carrier position.  It reads each well position.  Each well should 
read 0.000 + 0.005.  Make sure the carrier is clean and dust free as this may distort 
the  blank reading. 
3.  After completing the performance check, return to the main screen by pressing 
Clear twice 
4.  Set up the instrument for calibration and analysis. 
A.  Press Alt.  The instrument will ask for strip type and number then will 
go back to ready. 
B.  Press Mult.  It will ask if calibration is Regression? Yes.  Then select 
filters, 450 nm and 603 nm again.  Then it will ask for the regression 
type.  Use Log Conc with no blank and calibrators and samples in 
duplicate.  Use four calibrators, Negative Control and three others.   
Assign the negative control a value of 0.01 as ln 0 is undefined.   
C.  Set carrier to first strip, then press enter. 
D.  When all calibrators are analyzed, the instrument will calculate the 
correlation coefficient and the slope of the curve and will ask if the curve 
should be plotted.  Tell it “yes” and note the positions of the standards on 
the curve.  Any obvious outliers can be modified by deleting one of the 
duplicate pair, then reanalyzing the standards.  The program will not let 
you completely delete a concentration value, only one of the pair. 
E.   When you are satisfied with the Correlation coefficient, it should be 
greater than 0.9850, accept the curve and analyze the samples.  Set carrier 
to strip 2 and press enter.   
F.  When analysis is complete, the curve and “test” can be saved.  
Essentially, the stored test is a calibrated template for analysis. To save it, 
press alt and the question “Save Test?” will appear on the screen.  Tell it 
“yes” and name the test by entering a series of letters from the screen.  
When the name is complete press enter twice.  The test will be saved and 
the printout will show the name and test number at the end of the analysis 
printout.  If the test is not to be saved, press clear twice. 
G.  To recall a stored/saved test, press menu then enter the test number 
desired.  To recalibrate a particular test, recall that test and plot a new 
curve.   
 
5.  Analytical note:  Make sure the bottoms of the strips are clean and free of fingerprints      
and dust.  Do not read strips that contain bubbles or condensation.  Use the same volume 
for all samples, check standards, and blanks. 
 
Calibration  
Run a series of calibration standards prepared in the same manner as the samples will 
be prepared.  The concentrations should bracket the expected sample concentrations.  
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The calibration curve should have a correlation coefficient of at least 0.9850 and may 
be saved for future use with the remaining wells of the lot number on which the curve 
was performed.  Do not use old calibration curves with new lots of assay chemicals or 
wells. 
 
Quality Control 
At least one negative control sample and one check standard should be performed with 
each batch of 20 samples or less.  A recovery of 65% to 130% is considered acceptable. 
 
Safety 
Perform all tests under a functioning fume hood.  Gloves should be worn and the usual 
personal protective equipment should be used (labcoat, lab glasses, long pants, and 
safety shoes). 
Completed assay may be read on a strip reader situated on the benchtop. 
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Microcystins Analyzed by Enzyme Linked Immunosorbent Assay (ELISA) Tube Kit 
performed at Environmental Engineering Research Lab, University of South Florida.   
 
Microcystin Tube Kit Enclosure, rev. 06/01. 
 
The MYCST method has been developed by testing and modifying the 
Envirologix Inc., Microcystin Tube Kit Method.  The test kit is a competitive enzyme 
linked immunosorbent assay (ELISA).  Microcystin toxin competes with the enzyme 
(horseradish peroxidase) labeled Microcystin for a limited number of sites inside the test 
tube.  After the wash step, color visualization occurs where the concentration of the toxin 
is inversely proportional to color development. 
The tube kit method measures total free Microcystin toxin.  The method does not 
distinguish between the Microcystin toxins but measures them at varying degrees.  The 
limit of detection (LOD) for this test is 0.3 parts per billion (ppb).  This was established 
by determining the spread of 2 standard deviations from the mean population of negative 
water samples.  This is represented as 81.5% Bo.  100% Bo equals the maximum amount 
of Microcystin toxin enzyme conjugate that is bound by the antibody in the absence of 
any Microcystin in the sample (negative control).   
%Bo=(Optical Density (OD) of Sample or Calibrator)/(OD of negative Control)x100 
As reported by Envirologix the following toxins are measured in ppb for 50% Bo and 
81.5% Bo(LOD). 
Table D-1 
Limit of Detection for Microcystins using ELISA Tube Kit 
 
Compound 50% Bo 81.5 % Bo (LOD) 
Microcystin LR 0.94 0.30 
Microcystin LA 0.78 0.43 
Microcystin RR 1.53 0.65 
Microcystin YR 2.53 0.69 
Nodularin 1.44 0.53 
Humic acid was reported not to interfere at concentrations below 100 ppm. 
 
Test Procedure: 
1. Allow all tubes and reagents to reach ambient temperature. 
2. Add 5 drops of Microcystin assay diluent to each tube in the assay. 
3. Add two drops of 0.5 ppb Microcystin calibrator to the first tube. 
4. Add two drops of 3.0 ppb Microcystin calibrator to the second tube. 
5. Add two drops of sample to each of the subsequent tubes, up to a max of 4 
samples (6 tubes). 
6. Mix tubes for 20-30 seconds. 
7. Incubate for 5 minutes at room temperature. 
8. Add 5 drops of Microcystin-enzyme conjugate to each tube and mix for 20-30 
seconds. 
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9. Incubate for 20 minutes at room temperature. 
10. Drain contents into sink and rinse with cool tap water 3 times.  Places tubes 
inverted on towel and tap to remove excess water. 
11. Add 10 drops of Substrate to each tube, mix for 20-30 seconds and incubate for 
10 minutes at room temperature. 
12. Pipette 0.7 ml of 1.0N HCl solution to each tube and mix thoroughly.  Color 
should be yellow.  Read tubes within 30 minutes on photometer. 
13. Using DR4000, set wavelength to 450 nanometers (nm).  Read absorbance and 
extrapolate the microcystin concentration using the calibration curve shown 
below.   
 
A calibration curve was made using the microcystin calibrator solution.  This 
solution was diluted and a curve was developed to determine linearity.  This curve was 
then used to determine microcystin concentrations in a sample.  This allows for greater 
quantification as to the amount of total free Microcystin toxin in a sample.  The DR 4000 
was programmed to the absorbance method and at a wavelength of 450 nm.  Dilutions of 
the calibration liquid were made to 3, 2, 1, 0.5 and 0.25 ppm using nanopure water and 
the absorbance were recorded.  A plot of the absorbance versus Microcystin 
concentration was developed.   
Using the above alternative method, a calibration curve was completed.  A Hach 
DR 4000 spectrophotometer was used for the analysis at a wavelength of 450 nm.  
Absorbance vs. concentration and the associated line fit are shown in the figure below.  
This calibration curve was used for detection of microcystin-LR in the feed and permeate 
water. 
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Figure D-1.  Absorbance 450 nm vs Microcystin-LR Concentration (ppb)
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Appendix E: Geosmin and MIB: Closed-Loop, GC/FID Protocol 
 
ORGANIC: GEOSMIN AND MIB: CLOSED-L00P, GC/FID PROCEDURE 
Standard Methods 18th Ed, 1992 
Method 6040B pg. 6:7-16 
 
This procedure quantitatively analyzes geosmin and 2-methyl-isoborneol (MIB) in water 
through the use of closed-loop stripping (CLS)-GC/FID analysis. Concentrations as low 
as 1.0 ng/L of geosmin and 3.0 ng/L of MIB can successfully be detected. 
 
REAGENTS: 
-Methylene Chloride (CH2Cl2), GC/MS (Fisher Optima) or pesticide grade 
-Acetone, GC/MS (Fisher Optima) or pesticide grade 
-Carrier gas, Helium, ultra purified grade, moisture and oxygen free 
-Sodium Sulfate (Na2SO4), granular, anhydrous, pesticide grade (Bake at 625°C for at 
least 2 hours before use. Store in oven at 105° C.) 
-Deionized H2 0, Type I 
-Milli-Q H2 0 
-Internal standards, 1-Chlorooctane(CI-8), 1-Chlorodecane (Cl-10), 
1-Chlorododecane(Cl-12) 
 
1.  Internal standard "cocktail" stock: ~8.300ng/uL 
      a.  Fill a 25ml volumetric flask to bottom of neck with acetone. Replace          stopper. 
      b.  Wait until all parts of flask above solution are dry, then weigh flask and acetone as  
            tare (analytical balance, 0.1 mg). 
      c.  Using 500 ul syringe, inject 250 ul Cl-8 directly into acetone in volumetric without  
           letting it run down the side of flask. Replace stopper. 
      d.  Weigh flask to determine actual amount of Cl-8 added. 
      e.  Repeat with CI-10 and CI-12, being sure to weigh for tare before each         
           addition. 
      f.  Bring to 25.0 ml mark with acetone 
      g.  Calculate concentration as ng/ul as follows: 
 
 1-Chlorooctane (99%): 
 
(grams of Cl-8) x (0.99) x (I09-ng) x ( 1 ml) 
          25 mL                           Ig       103ul 
 
 1 -Chlorodecane (95%): 
 
 (grams of CI-10) x (0.95) x (109-nq)x(1mI) 
          25 mL                              1g     103uI
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 1-Chlorododecane (98%). 
 
 (grams of Cl-12) x (0.98)X (109-ng)x( 1ml) 
           25 mL                          1g         103ul 
 
2.  Internal standard (I.S.) working solution (WS): ~10ng/uL 
a.  Fill a 25ml volumetric flask to bottom of neck with acetone. 
 b.  Wait until all parts above the solution are dry, then weigh flask and 
 acetone as tare (analytical balance, 0.1 mg). 
 c.  With 100ul syringe, inject 30ul of I.S. "cocktail" stock standard, (Cl-8, 
 CL-1 0, and CI-1 2) directly into acetone without letting it run down side 
 of flask, Replace stopper. 
d.  Weigh flask to determine the actual amount added. 
 e.  Bring volume up to 25ml mark on flask 
 f.  Calculate concentrations of chloroalkanes in ng/ul as follows: 
 
 Concentration of I.S. "cocktail" (nq/ul) x (grams of I.S.) x 1.0 mL 
                             25.0 mL                                                 0.79 grams 
 
Stock solution of 2-Methyl-Isoborneol (MIB) in acetone 
Stock solution of Geosmin in acetone 
 
3.  Check standard 
 a.  Use a I.0ml volumetric flask and add approximately 300 ul of acetone. 
b.  Wait until all parts of the flask above the solution are dry, then weigh flask and 
acetone as tare (analytical balance, 0.1 mg). 
c.  With 500 ul syringe, acid ~325 ul of I.S. working solution directly into acetone 
without letting it run down the side of flask. Replace stopper. 
 d.  Weigh flask to determine actual amount of I.S. added 
e.  Using a 10 ul syringe, inject 5.0 ul of geosmin stock (205 ng/ul) to volumetric 
beneath surface of acetone. Rinse syringe 2-3 times with acetone, making sure needle end 
is below surface of solution. 
 f.  Using a 10 ul syringe, add 5.2 ul MIB stock (198 ng/ul) as in step e. 
g. Bring volume up to 1 0 mark on flask with acetone. 
h.  Calculate concentrations in ng/ul as follows: ~3.3ng each choroalkane
  
 
 81
Appendix E (Continued) 
 
 grams I,S. WS x concentration Cl-8 in WS x 1 mL 
                         1.0ml                                     0.79 grams 
 
 grams I.S. WS x concentration CI-10 in WS x 1 mL 
                   1.0ml                         0.79 grams  
 
 grams I.S. WS x concentration CI-12 in WS x 1 mL 
                       1.0 mL                                     0.79 grams  
 
 5.2 ul M1B stock x 198 ng/ul = 1.03 ng/uL 
                       1.0 mL 
 
 
 5.0 ul Geosmin stock x 205 ng/ul = 1.02 ng/uL 
                      1.0 mL 
 
APPARATUS: 
 
-Varian 3300 Flame Ionization Detector Gas Chromatograph, equipped with: 
1.  Capillary injector, split/splitless 
2.  Capillary column, 60-m x 0.25mm-ID (SPB-5), fused silica  
-Tekmar Closed-Loop Stripper, equipped with: 
1.  Stripping bottle, 1-L 
2.  Pump, with stainless-steel bellows that provide air flow from 1-1.5L/min 
3.  Thermostatic water bath, with a thermoregulating system accurate to least +/-0.50 C. 
4.  Filters, 1.5mg activated carbonGlass collection vials, 50ul capacity with gastight 
stoppers 
 
-TFE connecting sleeve 
-TFE stir bar 
-Micro syringes, 10 ul and 25 ul 
-Micro pipette, 200-1000ul 
-1000ml graduated cylinder 
-Metal clamps 
-Ice pack 
-Pipette bulb 
-Glass sample bottles (1.2L) with TFE lined cars 
-Peak Simple 32-bit software 
-UNISYS CMT 510007 with color monitor 
-Electronic Top loading Balance 0.001g-0.01g 
-Electronic Analvtical Balance, 0. 1 mg 
-Stopwatch
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PROCEDURE: 
 
Determination of filter flow rate: 
1.  Find the volume of the trap by filling the longer end of trap above carbon with MeCl2 
and measure the volumeadded to the top. 
2.  After several rinses with solvent to wet filter, measure the time to empty solvent  
from top of filter to surface of carbon. The rate should be at least 0.6ml/min. or 10uL/sec. 
3.  Strip a sample followed by a spiked sample to determine Closed-Loop Stripper  
 
(CLS)/trap recovery efficiency. CLS/trap efficiency must be determined for each matrix 
to be measured.  
 
Stripping Procedure: 
1.  Turn CLSA power and pump on with auxiliary trap in place, Let warm-up for at least 
10 min. 
2.  The sample temperature should be set at 300°C, the trap temperature set at 400°C, and 
the line temperature set at 500°C. 
3.  Pour 1000ml sample into sample bottle. Add stir bar. Add 80g anhydrousNa2SO4, 
while stirring to dissolve (If sample is from distribution or the blend chamber, add 
approximately 0.01-002g sodium thiosulfate to neutralize Cl2 prior to Na2SO4 .If the 
sample is from the reservoir or has high color, use 900ml sample with 72g of Na2SO4 ). 
4.  Inject 5ul I.S. working solution (4.5ul for 900ml sample) into sample bottle below 
surface of sample 
5.  Reassemble stripper, put in analysis trap, and strip for 1 hour and 30 min. 
6.  While sample is in the stripping procedure, set-up G.C. and data station,and check 
response with an injection of check standard. The response should be +/- 20% of the true 
value for the standard. 
7.  When stripping is complete, turn off stirrer, remove trap, and let trap cool to room 
temperature. 
8.  Disassemble and clean CLSA. First remove gas line and rinse consecutively with hot 
tap water, de ionized water, and Milli-Q water.  Remove diffuser and rinse as above. Pour 
out sample and clean sample bottle as above, however, use tap water overflow and a 
brush in the initial step. 
 
Extraction Procedure: 
 
1.  Inject I ul MeCl2 into bottom of collection vial. 
2.  Place trap in teflon sleeve on vial, short-side down. 
3.  Inject 5ul MeCl2 into trap, being careful not to touch carbon with needle. 
4.  Using a pipette bulb and slight pressure, carefully run the MeCl2 over the filter 10 
times. 
5.  Use ice along bottom side of trap to separate MeCl2 from carbon and tap vial to bring 
MeCl2 to bottom. 
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6.  Repeat steps 3-5 with two more 5ul aliquots of MeCl2. 
7.  Push any remaining MeCl2 through filter with pipette bulb. 
8.  Remove trap and add approximately 1 ul MeCl2 to bring volume to marked line on 
vial. 
9.  Cap sample and store on ice until injection. 
 
GC Program: 
 
1.  Carrier gas: He at 1.05ml/minute @ 60ºC 
2.  Make-up gas, He at 40mil/minute 
3.  Detector, 260ºC 
4.  Injector 
 a.  mode: splitless, vent opened at 1.0 minute 
 b.  split flow: about 15ml/minute 
 c.  temperature, 200ºC 
5.  Column temperature program 
 a.  Initial temperature, 60ºC Hold for 2.0 minutes 
 b  Program 1: 60ºC -124ºC at 4ºC /minute Hold for 6.0 minutes 
 c. Program 2: 124ºC -160ºC at 7ºC /minute Hold for 5.0 minutes 
 d.  Program 3: 160ºC -2l0ºC at 7ºC /minute Hold for 0.0 minutes 
 e.  Program 4: 210ºC -250ºC at 20ºC /minute Hold for 2.0 minutes 
 
Computer Set-up: 
 
1.  Turn on computer. When main windows screen appears, go to START. Select 
PROGRAM, then "Peak Simple 32-bit", and finally "Peak Simple''. Enlarge that window 
to fill the whole screen. 
2.  To edit Channel 1: go to Edit, select Channels, then Channel 1 
 a.Activate the DETAILS button. 
 
End Time: Should be -1.00 minute after the last analyte of interest's retention time. 
Default Display limits should be Max: 250.000mV and Min:-50.000 rmV. 
 
Sample Rate should be set at 10 Hz 
 
Trigger Group should be "Main" 
 
Control by Temperature 
 
Unretained Solute Time should be set at 16.000 minutes 
 
Close the DETAILS button by telling it OK 
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b. Activate the POST RUN button. 
 
Change the Save File As: Using today's date+000 chr, name the 
first file to be saved. eg. xxxxx000.chr Do not exceed 8 
numbers, The ' program will assign a new number to each run in 
ascending order from 0. The first chromatogram will be 
xxxxx001,chr. Tell it OK to close that button. 
 
3.  Just before injecting the first sample hit the Z button to zero the baseline. 
4.  Inject the sample into the GC and immediately hit the space bar. Should you want to 
stop the acquisition at any time hit the end key. The acquisition will stop and no data will 
be saved. 
5.  After acquisition is complete, integrate the chromatogram manually, The program 
automatically integrates the run when it is complete, but it usually requires some 
refinement. Go into Edit, then Manual integration. Choose the "Rubber Band" function 
which is the next to last button on the far left column. To use it, move the mouse pointer 
to the starting point of the integration. Hold down the left mouse button and drag the 
pointer along the baseline to the end of the area to be integrated. Release the button. The 
area integrated will usually shift slightly to indicate the new integration. Close Manual 
integration and save the file by entering File, then Save to make the file permanent. 
6.  The results can be viewed by entering View, then Results. 
 
Injection Procedure: 
 
1.  Inject 1.5ul of sample into GC. 
 a.  In syringe use 0.2ul MeCl2, 0.3ul air, and 1.5ul extract. 
b.  Inject in one motion and remove after 3 seconds. 
 
Clean-Up Procedure: 
 
1.  Trap: Clean trap with 2 rinses of Mill-Q water. 2 rinses of acetone, and 2 MeCl2 
rinses. Push excess solutions out of top of trap with pipette bulb. 
2.  Vial: Clean vial with 3 rinses of acetone followed by 3 rinses of MeCl2. Use syringe to 
get solutions out of bottom of vial. 
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Appendix F: Setting and Recovery Test Graphs 
 
 The following section presents the graphs for the setting test and the recovery 
tests for the six membrane tests.  These graphs follows are in the following order of 
membranes: 
 
 NF90 
 NF270(a) 
 NF270(b) 
 NF270(c) 
 LFC1 
 NTR7450 
 
The graphs presented here for each membrane experiment are as follows: 
 
 Flow Rates and Permeate Flux vs Time, Setting Test 
 MTC vs Time, Setting Test 
        MTC vs Time, Setting Test 
 MTC vs Time, Recovery Test 
 Flow Rates vs Time, Recovery Test 
 Permeate Flux vs Time, Recovery Test 
 Permeate Conductivity & UV254 vs Time, Recovery Test 
 Pressure vs Time, Recovery Test  
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Figure F-1.  Flow Rates and Permeate Flux vs Time, Filmtec NF90, Setting Test 
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Figure F-2.  MTC vs. Time, Filmtec NF90, Setting Test 
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Figure F-3.  MTC vs. Time, Filmtec NF90, Setting Test 
 
0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0 10 20 30 40 50 60 70 80 90 100
Time (hours)
M
TC
 (g
pd
/ft
2/
ps
i)
70%
50%
85%
 95%
 
 
Figure F-4.  MTC vs. Time, Filmtec NF90, Recovery Test 
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Figure F-5.  Flow Rates vs Time, Filmtec NF90, Recovery Test 
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Figure F-6.  Permeate Flux vs Time, Filmtec NF90, Recovery Test 
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Figure F-7.  Permeate Conductivity & UV254 vs. Time, Filmtec NF90,  
Recovery Test 
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Figure F-8.  Pressure vs. Time, Filmtec NF90, Recovery Test 
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Figure F-9.  Flow Rates and Permeate Flux vs Time, Filmtec NF270(a), Setting Test 
 
 
3.0E-04
3.5E-04
4.0E-04
4.5E-04
5.0E-04
5.5E-04
6.0E-04
0 3 6 9 12 15 18 21
Time (hours)
M
TC
 (g
pm
/ft
2/
ps
i) Uncorrected Data
Normalized to 25C
 
 
Figure F-10.  MTC vs. Time, Filmtec NF270 (a), Setting Test 
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Figure F-11.  MTC vs. Time, Filmtec NF270 (a), Setting Test 
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Figure F-12.  MTC vs. Time, Filmtec NF270 (a), Recovery Test 
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Figure F-13. Flow Rates vs Time, Filmtec NF270(a), Recovery Test 
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Figure F-14. Permeate Flux vs Time, Filmtec NF270(a), Recovery Test 
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Figure F-15.  Permeate Conductivity & UV254 vs. Time, Filmtec NF270(a),  
Recovery Test 
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Figure F-16.  Pressure vs. Time, Filmtec NF270(a), Recovery Test 
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Figure F-17.  Flow Rates and Permeate Flux vs Time, Filmtec NF270(b),  
Setting Test 
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Figure F-18.  MTC vs. Time, Filmtec NF270 (b), Setting Test 
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Figure F-19.  MTC vs. Time, Filmtec NF270 (b), Setting Test 
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Figure F-20.  MTC vs. Time, Filmtec NF270 (b), Recovery Test 
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Figure F-21. Flow Rates vs Time, Filmtec NF270(b), Recovery Test 
12.0
14.0
16.0
18.0
20.0
22.0
24.0
0 10 20 30 40 50 60 70 80 90 100
Time (hours)
Fl
ux
 (g
pd
/ft
2)
70%
50%
85%
95%
 
Figure F-22. Permeate Flux vs Time, Filmtec NF270(b), Recovery Test 
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Figure F-23.  Permeate Conductivity & UV254 vs. Time, Filmtec NF270(b),  
Recovery Test 
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Figure F-24.  Pressure vs. Time, Filmtec NF270(b), Recovery Test 
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Figure F-25.  Flow Rates and Permeate Flux vs Time, Filmtec NF270(c), 
Setting Test 
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Figure F-26.  MTC vs. Time, Filmtec NF270 (c), Setting Test 
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Figure F-27.  MTC vs. Time, Filmtec NF270 (c), Setting Test 
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Figure F-28.  MTC vs. Time, Filmtec NF270 (c), Recovery Test 
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Figure F-29. Flow Rates vs Time, Filmtec NF270(c), Recovery Test 
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Figure F-30. Permeate Flux vs Time, Filmtec NF270(c), Recovery Test 
 
 
  
 
 101
Appendix F (continued) 
0
10
20
30
40
50
60
70
80
90
0.1 2.0 9.2 24.3 42.3 64.4 80.4 84.3 86.9 97.7 101.6
Time (Hours)
P
er
m
ea
te
 C
on
du
ct
iv
ity
 (u
S
/c
m
)
0
0.001
0.002
0.003
0.004
0.005
0.006
U
V
-2
54
 (c
m
-1
)
Permeate Conductivity
Permeate UV-254
70% 50% 85% 95%
 
 
Figure F-31. Permeate Conductivity & UV254 vs. Time, Filmtec NF270(c),  
Recovery Test 
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Figure F-32. Pressure vs. Time, Filmtec NF270(c), Recovery Test 
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Figure F-33. Flow Rates and Permeate Flux vs Time, Hydranautics LFC1, 
Setting Test 
 
5.0E-05
6.0E-05
7.0E-05
8.0E-05
9.0E-05
1.0E-04
1.1E-04
1.2E-04
1.3E-04
1.4E-04
1.5E-04
0 3 6 9 12 15 18 21
Time (hours)
M
TC
 (g
pm
/ft
2/
ps
i)
Uncorrected Data
Normalized to 25C
 
 
Figure F-34. MTC vs. Time, Hydranautics LFC1, Setting Test 
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Figure F-35. MTC vs. Time, Hydranautics LFC1, Setting Test 
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Figure F-36. MTC vs. Time, Hydranautics LFC1, Recovery Test 
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Figure F-37. Flow Rates vs Time, Hydranautics LFC1, Recovery Test 
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Figure F-38. Permeate Flux vs Time, Hydranautics LFC1, Recovery Test 
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Figure F-39. Permeate Conductivity & UV254 vs. Time, Hydranautics LFC1,  
Recovery Test 
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Figure F-40. Pressure vs. Time, Hydranautics LFC1, Recovery Test 
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Figure F-41. Flow Rates and Permeate Flux vs Time, Hydranautics NTR 7450, 
Setting Test 
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Figure F-42. MTC vs. Time, Hydranautics NTR7450, Setting Test 
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Figure F-43. MTC vs. Time, Hydranautics NTR 7450, Setting Test 
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Figure F-44. MTC vs. Time, Hydranautics NTR 7450, Recovery Test 
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Figure F-45. Flow Rates vs Time, Hydranautics NTR 7450, Recovery Test 
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Figure F-46. Permeate Flux vs Time, Hydranautics NTR7450, Recovery Test 
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Figure F-47. Permeate Conductivity & UV254 vs. Time, Hydranautics NTR 7450,  
Recovery Test 
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Figure F-48. Pressure vs. Time, Hydranautics NTR 7450, Recovery Test 
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Appendix G:  NF Membrane Tests Overall Performance 
 
The results and graphical presentation of rejection for inorganics - total hardness 
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Figure G-1.  Summary of NF 90 Membrane Performance at 19 gfd 
Figure G-2.  Summary of NF 270 Membrane Performance at 32 gfd 
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Appendix G (continued) 
 
Table G-1 
Summary of NF 90 Treatment Performance 
 
Recovery 
 
50 70 85 95 
Treatment Goal 
Measured Flux gpd/ft2 18.1 19 19.8 20.3  
MTCW,20C gpd/ft2-psi 0.28 0.29 0.30 0.32  
Inlet pressure, psi 81.8 82.8 83.2 83.6  
Net driving pressure, psi 64.9 65.4 65.6 65.8  
Pressure drop, psi 33.8 34.8 35.2 35.6  
Microcystin rejection, % 99 99 99 98  
Permeate Microcystin, µg/L 0.11 0.14 0.17 0.23 1.02 
Geosmin rejection, % 97 97 97 97  
Permeate geosmin3, ng/L 6.9 7.3 7.8 8.8 10.04 
MIB rejection, % 98 96 95 92  
Permeate MIB5, ng/L 5.4 11.8 12.1 19.5 29.04 
TOC rejection, % 95 95 94 92  
Permeate TOC, mg/L 0.237 0.265 0.285 0.367  
UV254 rejection, % 99 98 97 96  
Permeate UV254, cm-1 0.0008 0.0014 0.0021 0.0026  
THMFP rejection, % 90.4 89.1 88.1 85.8  
Permeate THMFP, µg/L 13.7 15.6 17.0 20.3 806 
HAA(6)FP rejection, % - - - -  
Permeate HAA(6)FP, µg/L ND7 ND7 ND7 ND7 606 
Conductivity rejection, % 96 93 88 85  
Permeate Conductivity, µSiemens/cm 10 16 28 36  
Total Hardness Rejection, % 99 97 96 95  
Permeate Total Hardness, mg/L as 
CaCO3 
1.3 3.1 4.1 5.05  
1 Manufacturer data    5 1,2,7,7-tetramethyl-exo-bicyclo-(2.2.1)heptan-2-ol 
2 World Health Organization, 1998   6 USEPA, 1996.  HAA(5) Stage I EPA MCL 
3 Trans-1,10-dimethyl-trans-9-decalol  7 Not Detectable 
4 Mallevialle and Suffet, 1987 
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Appendix G (continued) 
 
Table G-2 
Summary of NF 270 (a) Treatment Performance 
 
Recovery  
50 70 85 95 
Treatment Goal 
Measured Flux gpd/ft2 32.4 32.8 33.7 33.9  
MTCW,20C gpd/ft2-psi 0.50 0.54 0.55 0.57  
Inlet pressure, psi 78.3 79.5 80.2 82.4  
Net driving pressure, psi 63.1 63.7 64.1 65.2  
Pressure drop, psi 30.3 31.5 32.2 34.4  
Microcystin rejection, % 97.1 96.4 97.0 93.9  
Permeate Microcystin, µg/L 0.28 0.35 0.30 0.590 1.02 
Geosmin rejection, % 65.2 52.1 46.2 36.7  
Permeate geosmin3, ng/L 21.2 29.2 32.8 38.6 10.04 
MIB rejection, % 89.5 81.2 78.1 63.7  
Permeate MIB5, ng/L 12.8 23.0 26.8 44.4 29.04 
TOC rejection, % 96 95 94 93  
Permeate TOC, mg/L 0.183 0.215 0.245 0.296  
UV254 rejection, % 98 96 94 93  
Permeate UV254, cm-1 0.0013 0.0021 0.0029 0.0036  
THMFP rejection, % 79.0 79.2 78.8 76.4  
Permeate THMFP, µg/L 23.7 23.4 23.9 26.6 806 
HAA(6)FP rejection, % - - - 90.9  
Permeate HAA(6)FP, µg/L ND7 ND7 ND7 48.7 606 
Conductivity rejection, % 81 78 76 74  
Permeate Conductivity, µSiemens/cm 44 49 54 58  
Total Hardness Rejection, % 89 87 85 84  
Permeate Total Hardness, mg/L as 
CaCO3 
10.8 11.9 13.7 14.6  
1 Manufacturer data    5 1,2,7,7-tetramethyl-exo-bicyclo-(2.2.1)heptan-2-ol 
2 World Health Organization, 1998   6 USEPA, 1996.  HAA(5) Stage I EPA MCL 
3 Trans-1,10-dimethyl-trans-9-decalol  7 Not Detectable 
4 Mallevialle and Suffet, 1987 
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Appendix G (continued) 
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Figure G-3.  Summary of NF 270 Membrane Performance at 19 gfd 
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Figure G-4.  Summary of NF 270 Membrane Performance at 12 gfd 
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Appendix G (continued) 
 
Table G-3  
Summary of NF 270 (b) Treatment Performance 
 
Recovery  
50 70 85 95 
Treatment Goal 
Measured Flux gpd/ft2 18.7 18.9 19.2 19.4  
MTCW,20C gpd/ft2-psi 0.37 0.36 0.34 0.32  
Inlet pressure, psi 59.4 61.3 63.6 64.8  
Net driving pressure, psi 54.1 55.2 55.5 56.5  
Pressure drop, psi 12.7 14.3 15.9 16.7  
Microcystin rejection, % 98.1 97.9 97.5 96.0  
Permeate Microcystin, µg/L 0.20 0.22 0.26 0.41 1.02 
Geosmin rejection, % 82.0 82.0 72.9 73.4  
Permeate geosmin3, ng/L 10.2 10.2 15.4 15.1 10.04 
MIB rejection, % 91.6 80.9 81.8 71.9  
Permeate MIB5, ng/L 5.1 11.6 11.1 17.1 29.04 
TOC rejection, % 94.9 94.5 93.2 91.7  
Permeate TOC, mg/L 0.183 0.198 0.245 0.302  
UV254 rejection, % 98 97 94 92  
Permeate UV254, cm-1 0.0013 0.0019 0.0036 0.0052  
THMFP rejection, % 80.5 80.3 80.1 78.4  
Permeate THMFP, µg/L 22.7 22.9 23.2 25.1 806 
HAA(6)FP rejection, % 92.3 98.6 89.4 90.3  
Permeate HAA(6)FP, µg/L 3.81 0.69 5.29 4.84 606 
Conductivity rejection, % 83 80 72 67  
Permeate Conductivity, µSiemens/cm 38 48 66 82  
Total Hardness Rejection, % 90.5 88.8 86.0 82.5  
Permeate Total Hardness, mg/L as 
CaCO3 
8.6 10.2 12.7 15.9  
1 Manufacturer data    5 1,2,7,7-tetramethyl-exo-bicyclo-(2.2.1)heptan-2-ol 
2 World Health Organization, 1998   6 USEPA, 1996.  HAA(5) Stage I EPA MCL 
3 Trans-1,10-dimethyl-trans-9-decalol  7 Not Detectable 
4 Mallevialle and Suffet, 1987 
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Appendix G (continued) 
 
Table G-4 
Summary of NF 270 (c) Treatment Performance 
 
Recovery  
50 70 85 95 
Treatment Goal 
Measured Flux gpd/ft2 11.6 11.9 12.3 12.7  
MTCW,20C gpd/ft2-psi 0.37 0.36 0.35 0.33  
Inlet pressure, psi 39.6 41.4 43.7 44.5  
Net driving pressure, psi 33.4 36.1 37.2 38.5  
Pressure drop, psi 9.7 12.1 14.2 15.8  
Microcystin rejection, % 98.7 98.3 97.6 96.8  
Permeate Microcystin, µg/L 0.14 0.18 0.26 0.34 1.02 
Geosmin rejection, % 85.3 84.9 82.3 73.0  
Permeate geosmin3, ng/L 5.9 6.1 7.1 10.8 10.04 
MIB rejection, % 90.8 85.4 87.1 77.9  
Permeate MIB5, ng/L 5.1 8.0 7.1 12.0 29.04 
TOC rejection, % 95.0 94.6 93.4 91.9  
Permeate TOC, mg/L 0.18 0.19 0.23 0.29  
UV254 rejection, % 99 98 96 95  
Permeate UV254, cm-1 0.0011 0.0019 0.0033 0.0046  
THMFP rejection, % 79.8 77.3 82.2 81.7  
Permeate THMFP, µg/L 30.9 34.8 27.3 28.1 806 
HAA(6)FP rejection, % 84.8 84.9 41.1 33.7  
Permeate HAA(6)FP, µg/L 21.4 21.6 83.0 93.5 606 
Conductivity rejection, % 84 82 75 71  
Permeate Conductivity, µSiemens/cm 33 46 65 80  
Total Hardness Rejection, % 89.8 89.1 85.5 82.9  
Permeate Total Hardness, mg/L as 
CaCO3 
9.9 10.6 14.1 16.6  
1 Manufacturer data    5 1,2,7,7-tetramethyl-exo-bicyclo-(2.2.1)heptan-2-ol 
2 World Health Organization, 1998   6 USEPA, 1996.  HAA(5) Stage I EPA MCL 
3 Trans-1,10-dimethyl-trans-9-decalol   
4 Mallevialle and Suffet, 1987 
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Appendix G (continued) 
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Figure G-5.  Summary of LFC 1 Membrane Performance at 10 gfd 
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Figure G-6.  Summary of NTR 7450 Membrane Performance at 19 gfd 
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Appendix G (continued) 
 
Table G-5 
Summary of LFC 1 Treatment Performance 
 
Recovery  50 70 85 95 Treatment Goal 
Measured Flux gpd/ft2 8.8 9.5 10.6 10.9  
MTCW,20C gpd/ft2-psi 0.142 0.148 0.153 0.159  
Inlet pressure, psi 83.6 84.9 87.4 88.8  
Net driving pressure, psi 65.2 66.4 67.7 69.6  
Pressure drop, psi 35.7 37.1 38.3 39.6  
Microcystin rejection, % 99.0 98.8 98.5 98.0  
Permeate Microcystin, µg/L 0.10 0.12 0.16 0.21 1.02 
Geosmin rejection, % - - 99 -  
Permeate geosmin3, ng/L ND7 ND7 0.45 ND7 10.04 
MIB rejection, % - 96 99 99  
Permeate MIB5, ng/L ND7 1.97 0.5 0.45 29.04 
TOC rejection, % 95.5 95.9 95.1 94.0  
Permeate TOC, mg/L 0.17 0.15 0.19 0.23  
UV254 rejection, % 99 98 96 94  
Permeate UV254, cm-1 0.0009 0.0018 0.0033 0.0039  
THMFP rejection, % 80.0 82.5 78.2 71.0  
Permeate THMFP, µg/L 28.7 25.1 31.3 41.7 806 
HAA(6)FP rejection, % 93.5 79.7 94.4 91.2  
Permeate HAA(6)FP, µg/L 8.5 26.7 7.3 11.6 606 
Conductivity rejection, % 93 90 86 84  
Permeate Conductivity, µSiemens/cm 19 26 35 44  
Total Hardness Rejection, % 99.5 97.0 95.8 95.4  
Permeate Total Hardness, mg/L as 
CaCO3 
0.5 2.8 3.9 4.4  
1 Manufacturer data    5 1,2,7,7-tetramethyl-exo-bicyclo-(2.2.1)heptan-2-ol 
2 World Health Organization, 1998   6 USEPA, 1996.  HAA(5) Stage I EPA MCL 
3 Trans-1,10-dimethyl-trans-9-decalol  7 Not Detectable 
4 Mallevialle and Suffet, 1987 
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Appendix G (continued) 
 
Table G-6  
Summary of NTR 7450 Treatment Performance 
 
Recovery 
 
50 70 85 95 
Treatment Goal 
Measured Flux gpd/ft2 18.7 19.4 19.7 20.1  
MTCW,20C gpd/ft2-psi 0.31 0.31 0.32 0.32  
Inlet pressure, psi 72.5 70.9 73.8 74.3  
Net driving pressure, psi 59.5 60.4 60.9 61.4  
Pressure drop, psi 24.6 25.3 26.5 26.9  
Microcystin rejection, % 87.6 83.1 81.1 79.9  
Permeate Microcystin, µg/L 1.22 1.65 1.85 1.97 1.02 
Geosmin rejection, % 16.9 22.9 24.6 30.6  
Permeate geosmin3, ng/L 45.2 42.1 41.0 37.7 10.04 
MIB rejection, % 27.3 15.9 20.4 11.8  
Permeate MIB5, ng/L 42.5 49.1 46.5 51.5 29.04 
TOC rejection, % 69.6 62.4 55.2 46.1  
Permeate TOC, mg/L 1.14 1.41 1.68 2.02  
UV254 rejection, % 66 59 53 48  
Permeate UV254, cm-1 0.025 0.032 0.036 0.042  
THMFP rejection, % 48.5 40.3 25.9 16.9  
Permeate THMFP, µg/L 75.1 87.1 108.1 121.3 806 
HAA(6)FP rejection, % 84.2 74.5 24.7 17.5  
Permeate HAA(6)FP, µg/L 32.7 52.9 156.2 171.0 606 
Conductivity rejection, % 81 72 68 65  
Permeate Conductivity, µSiemens/cm 45 54 65 77  
Total Hardness Rejection, % 69.8 54.7 47.4 45.6  
Permeate Total Hardness, mg/L as 
CaCO3 
28.4 42.6 49.4 51.1  
1 Manufacturer data    5 1,2,7,7-tetramethyl-exo-bicyclo-(2.2.1)heptan-2-ol 
2 World Health Organization, 1998   6 USEPA, 1996.  HAA(5) Stage I EPA MCL 
3 Trans-1,10-dimethyl-trans-9-decalol   
4 Mallevialle and Suffet, 1987 
